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ABSTRACT
Chemically modified polymer derivatives of potentially useful polymer
modifiers from solid wastes, i.e. polyolefins or EPDM, were prepared by
chlorination or maleation to improve asphalt blend compatibility. Chlorination of
polyethylene can be controlled to convert crystalline HDPE into semicrystalline
polymeric additives.

Environmental scanning electron microscopy shows that

dispersed CPE rich phase was larger than the HDPE rich phase in asphalt
blends.

Introducing chlorine atoms on

polyethylene chains can

improve

compatibility of the asphalt-polymer blends through adjusting interaction between
the components o f asphalt and polymer.
The grafting of maleic anhydride to polyolefins or EPDM was carried out
either in solution or in a melt process in the presence of free radicals. The extent
of maleation (1-2.5%) achieved in either polyolefins or EPDM was determined by
FTIR.

DSC analysis revealed that all of the maleated polypropylene derivates

were at least 45% amorphous.

Most o f maleated polymer/asphalt blends

exhibited lower activation energies of flow and improved rhelogical properties
relative to those of the pure asphalt matrix.
Standard procedures for studying the physical and engineering properties
of asphalt binders have been used to specify the PG grading of the blends
according to Superpave protocols. The polymer/asphalt blends have significantly
better properties than those of tank asphalts. The blends exhibit higher viscosity
at high temperature, higher rutting resistance, reducing age hardening for long-
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term temperature cracking, and lower creep stiffness at low-temperature cracking
response than tank asphalts.
A laboratory study was conducted to examine the feasibility o f using CPE
as modifier to paving grade asphalt. Both a binder rheology study and a mixture
characterization were conducted to compare the performance of conventional
dense graded mix containing ACL-2 and CPE modified ACL-2. In general, the
addition of CPE has improved the mix properties as measured from the indirect
tensile strength tests, indirect resilient modulus test, indirect creep test, and
fatigue test. The binder rheology correlated well with mix properties. The CPEmodified HMAC mix did show improved fundamental engineering properties
relative to tank asphalt at all tested temperatures.

xx
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CHAPTER 1
INTRODUCTION
1.1 Asphalt Cement
The main source of asphalt for paving applications is crude petroleum with
a high specific gravity that depends on the source of crude oil and the type of
refining process.

Asphalt production, which is not one o f the main profit

generating processes in the refining industry, comes from the residues left after
various distillations o f the crude oil. As stated by Corbett [Corbett 1984], the
residual component suitable for asphalt cement (AC) varies from 1 percent to 58
percent weight. The higher the atmospheric equivalent vapor temperature used,
the harder the residual asphalt. Therefore, the asphalt cement grading system,
which is based on the viscosity of original asphalt, is mostly used in the United
States to specify the properties o f the mixture. The requirements for AC viscosity
graded at 60°C (140°F) are specified in American Society for Testing and
Materials (ASTM) D3381. For example, AC-10 (asphalt cement with a viscosity
of 1000 poises at 60°C) is “softer” than AC-40 (asphalt cement with a viscosity of
4000 poises at the same temperature).

Due to a multitude of sources, the

chemical character of asphalt and its properties are highly diverse.

In

consequence, the composition of asphalt is difficult to define in terms of relatively
simple chemical compounds. In general, asphalt compositions are considered to
be composed of mixtures of large, complex and often polyfunctional molecules
that can be separated into asphaltenes and maltenes.

Asphaltenes, which

comprise the most complex fraction, are mixtures of paraffin-naphthene-

1
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aromatics with polycyclic structures, including sulfur, oxygen, and nitrogen
containing heterocyclic compounds with some complex metals, e.g. nickel and
vanadium [Corbett 1969]. This fraction is insoluble when the asphalt is extracted
with a nonpolar solvent such as pentane o r hexane.

In fact, asphaltenes are

defined by their solubilities and have often been considered as a relatively
inactive component of asphalt, but they play an important role in determining
asphalt viscosity. Maltenes, the hydrocarbon soluble components, contain both
nature oils and aromatic resins. The resins disperse the asphaltenes throughout
the oils, making asphalt analogous to a colloidal system [Halstead 1985].
Durable asphalts are comprised o f these components interacting to form a
balanced, compatible system.
Asphalt cements have characteristics and properties determined by the
nature o f their chemical composition. Because o f lack of precise knowledge of
asphalt chemistry, most methods for analyzing asphalts separate the material
into broad chemical groups with distinct characteristics.

Other methods break

the various groups into further subgroups in order to improve understanding of
the behavior of the material [Ishai et. al. 1993].

In 1984, Petersen and his

coworkers [Petersen 1984] sought to characterize the various types of chemical
or structural compositions of various molecules in the asphalt and how these
interact with each other and the environment.

They pointed out that

“functionality” analysis has the advantage over component fractionation in
helping us understand asphalt chemistry. Generally, “functionality”, which refers
to polar groups other than carbon and hydrocarbon in asphalt molecules, relates

2
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to how the asphalt molecules interact with each other or with other materials
such as aggregate.

These functional or polar groups, which are attached in

some way to carbon atoms, are like an imbalance o f electrochemical forces that
induces a dipole within the molecules. Each molecule can attract or repel each
other by electropositive or electronegative forces. These molecular interactions
strongly influence the performance o f the asphalt, viz., its “engineering”
properties. Therefore, a link between asphalt chemistry and its physical behavior
may be established through chemical information, e.g. the heteroatoms impart
functionality and polarity to the molecules, which provide clues to improve the
performance properties desired through modification with additives, by blending,
etc. However, considering the variation of asphalt composition depending on its
source and refining process, it is better to understand the overall properties of
asphalt and to recognize the interactions between asphalts and aggregates
rather than attempt to control asphalt composition.
1.2 Thermal Characterization of Asphalts
Asphalts are aggregates rather than homogeneous systems and undergo
a solid-liquid transition, which involves both an amorphous phase and a
crystalline phase. The impact of crystallized fractions in asphalt and crude oil on
physical and rheological properties of asphalt is well documented.

Differential

scanning calorimetry (DSC) has proved to be a very useful technique for
estimating both the crystalline fraction and the glass transition temperature of
asphalt samples [Brule et. al. 1990]. Further, changes in these features provide
a sensitive method for assessing asphalt/polymer blend compatibility. Noel and

3
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Corbett [Noel and Corbett 1970] obtained DSC thermographs o f asphalts over a
broad range o f temperature and quantified the crystalline components.

The

authors enunciated a need to establish a consistent thermal history prior to
comparing different asphalts. They quantified the crystalline components in a
number of asphalts from different sources.

Huynh et. al. [Huynh et. al.1978]

described techniques for measuring glass transition (Tg) temperatures o f asphalt
fractions.

Claudy et. al. [Claudy et. al.1991; 1992] devoted great efforts to

studying the crystallized fraction in asphalt.
endothermic

transitions

in

the

DSC

Their research shows that the
thermogram

stems

from

the

melting/dissolution of crystallized molecules in the saturated fraction o f asphalt.
In the initial phases of this work, developed an analytical method was developed
that combines a careful annealing protocol with DSC to identify asphalt sources
[Daly, et. al. 1996]. This procedure has been used to characterize two standard
asphalts, the asphalts currently employed

in Louisiana,

and all of the

polymer/asphalt blends prepared in work.
1.3 Utilization o f Polymer Additive with Asphalt
The application of asphalt is limited due to its intrinsic properties.

The

inherent weaknesses of asphalt make the maintenance of a highway system
quite difficult and expensive. Asphalt can be so shear sensitive that it is prone to
shove and rut at high temperature. On the other hand, when it becomes cold, it
becomes very brittle and tends to undergo fracture cracking and potholing.
Permanent deformation, fatigue cracking, and low-temperature cracking are
generally considered to be the most significant manifestations of distress in

4
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asphalt-surfaced pavements [Background of SHRP 1995]. In fact, state and local
highway agencies spend 10 billion dollars on asphalt pavements and private
sector expenditures total an additional $5 billion every year. The Department of
Transportation estimates that 60 % of the US highways are in disrepair. These
poor road conditions cost American drivers over 23 billion dollars a year in direct
costs without considering indirect effects on the quality of life seen in noise and
air pollution, safety, and mental stress o f traveling on poor road. The challenge
o f selecting additives to asphalt for their specific application in roadway
construction program has be the subject of extensive asphalt research.
The use o f asphalt polymer blends has been increasing tremendously not
only because o f the economic barriers involved with improving asphalts through
refining processes, but because of the logistical difficulties of using crudes that
naturally produce better performing asphalts. In fact, asphalt researchers have
focused on the properties of asphalt modifiers that are derived from the
interaction between asphalt components and polymer additives.

Indeed, it has

been demonstrated that incorporation o f compatible polymer additives into
asphalt blends can prepare the desired properties needed to enhance the
contribution o f asphalt binders to pavement performance [Terrel and W alter
1986; Khosla et. al. 1989]. In 1993, more than 8 percent of paved surfaces were
polymer-modified asphalt cements (PMAC) in France; the use o f PMAC reached
6 to 7 percent o f the roads in Germany and Poland, and values were slightly
lower in other European countries [Bonemazi, et. al. 1996]. In the U.S., the use
o f polymers and other modifiers has expended enormously within the last

5
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decade.

For instance, there are at least 40 States, including Louisiana, in the

United States that have installed and maintained sections of pavements built with
polymer modified asphalt binders [Stewart 1989; Tahmoress et. al. 1991].
To

improve the properties of asphalt surfacing materials,

asphalt

researchers have centered on additives, which are derived from plastic and
rubber-like materials. Since the addition of polymers increases the cost of the
corresponding polymer modified asphalt cement, recycled polymers and recycled
rubbers have been chosen as the modifiers within the past few years. However,
the introduction of any incompatible polymer into such a system generally results
in asphaltene flocculation and oil bleeding, leading to a binder having no
cohesion [Brule et. al. 1988].

Even if the phase separation of the asphalt

components is not apparent, extended mixing times will be required to achieve
acceptable mixes [Collins et. al. 1991].

For a polymer to be effective in road

applications, it should increase fatigue-cracking resistance, reduce the extent of
permanent deformation, and reduce age hardening at medium and high
temperatures.

In other word, an “ideal” modified binder has to improve the

overall performance of the pavement to which it will be subjected in service.
Polymers must improve not only AC properties, but must improve the
performance of binder-aggregate combinations as well [King et. al. 1986].
Incorporation of polymers into asphalt blends is expected to continue to increase
in the future because it provides the versatility of properties needed to build
better performing roads.

6
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Although many asphalt modifiers have proved to be very effective in
improving pavement performance, understanding an asphalt/polymer system
plays an important role in developing modified asphalt

This includes an

understanding of the chemistry and mechanics of compatibility, reinforcement,
and stability, and developing of new techniques to characterize modified asphalt
binders.

In 1987, standard procedures for studying the physicochemical and

engineering properties of asphalt materials have been developed under the
auspices of the Strategic Highway Research Program (SHRP) [Petersen et. al.
1994]. The final result of the SHRP asphalt research program is a new system
referred to as Superior Performing Asphalt Pavements (Superpave). The system
includes test equipment, test methods, and criteria. Performance graded (PG)
binder, for instance, is graded as PG 58-22.

If the binder would possess

adequate physical properties for a durable service at least up to 58°C, it is
assigned a “high temperature grade” of 58. Conversely, a binder meeting low
temperature physical property requirements at least down to -22°C is assigned a
“low temperature grade” of -22. The testing and grading systems are based on
measuring binder rheology over a raw of temperatures, the low temperature
deflection of asphalt beams, and the ductility of asphalt specimens. These tests
were correlated with field performance of the asphalt binders in the SHRP study.
The new test methods offer the capability of measuring some properties such as
rigidity, elasticity, brittleness, and durability at conditions that simulate loading
and climatic conditions encountered in the field. The testing protocol is based
upon thorough Theological evaluation of asphalts both before and after simulated
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aging, three-point bending studies at low temperature to ascertain brittleness and
tensile testing to estimate ductility.
Asphalt researchers then centered on the addition of plastomers and
thermoplastic elastomers to asphalt to make road binders with increased
durability or suitable for heavy traffic. Plastics give strength to the asphalt, but
the ability to recover from extension

is lost [Collins and Mikols 1985].

Thermoplastics, which are partially crystalline such as polyethylene (PE),
polypropylene (PP), and chlorinated PE, have attracted more and more attention
from asphalt chemists because this class of polymeric materials comprises the
major fraction o f recyclable plastic wastes.

The crystalline segments of

thermoplastics serve as high-strength fillers in the polymer-modified asphalt
blend. On the other hand, rubbery elastomers such as block styrene-butadienestyrene copolymers (SBS), styrene butadiene rubber (SBR), and ethylene
propylene rubber (EPR) give asphalts improved flexibility and elastic recovery,
improved resistance to rutting and lower temperature susceptibility [Strommer
1986; Terrel and Walter 1986; Khosla et. al. 1989].

Paving chemists and

engineers have been exploring the use o f these elastomers to improve rutting
resistance and fatigue characteristics as well as low temperature elastic
properties of asphalt pavements.
A large quantity of relatively high quality residual ethylene-propylene
rubber (EPDM) waste represents a significant and costly management problem
fo r producing industries. Currently, most o f these industries are disposing such
materials in permitted landfills at a cost o f more than $10 million per year.

8
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In

addition, valuable landfill space is being used fo r a potentially recyclable material.
To reduce disposal and environment problems for rubber residuals, Louisiana
Department of Transportation and Development (LADOTD), along with highway
paving contractors, seek materials that will improve the long-term performance
and recyclability of highway pavement systems.

From a chemical standpoint,

indeed, the elastomeric properties and the saturated backbone structure of
EPDM are desirable properties for an asphalt modifier because the elastomeric
properties are not likely to be lost upon exposure to environment. The saturated
backbone prevents oxidative degradation o f the EPDM chain. These types of
synthetic polymers are o f interest in polymer modification o f asphalt binders.
There are no data available to make specific predictions on the interaction of
EPDM with asphalts.

This research attempted to explore some fundamental

correlations in this area.

The work could lead to new markets if the effort is

expended to optimize EPDM/asphalt blends.
1.4 Hot M ix Asphalt Concrete (HMAC)
Asphalt binder is mixed with aggregate to form hot mix asphalt concrete
(HMAC) mixes. In the field, many major stresses on the asphalt pavement can
lead to the progressive damage of asphalt cement concrete pavement. These
include permanent deformation (rutting), fatigue cracking, age hardening, lowtemperature cracking, and moisture-induced damage (stripping) in HMAC
pavement mixtures. Damage to asphalt pavements is generally considered to be
due to heavier wheel loads, increasing tire pressure, escalated traffic counts
[Brown et. al. 1990], and moisture damage [Brown et. al. 1990; Roberts et. al.

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1991]. The higher traffic loads imposed on our highways have elastic needs for
more durable asphalt pavement.

Research has focused on asphalt cement

enhancement both by using various additives and by modification of the
aggregate component. Indeed, binder properties are improved by using polymer
modified asphalt cement (PMAC) in hot mix asphalt concrete (HMAC).

For

instance, PMAC’s exhibit enhanced pavement performance with decreasing
temperature susceptibility and increasing resistance to permanent deformation
and load-associated cracking [Brown et. al. 1990; Button 1992].

A growing

number of highway agencies are evaluating the fundamental mix design
concepts using a Superpave mix design procedure designed in the SHRP
research program [Lewandowski 1994]. The fundamental engineering properties
of asphaltic concrete mixtures are being evaluated in the laboratory by a series of
dynamic tests on asphalt concrete briquettes [Mohammad et. al. 1994; Liang and
Lee 1996]. One anticipates that the fundamental properties derived from these
dynamic tests can be used to judge the flexible pavement design method, to
predict pavement behavior, and to produce superior performing HMAC modes in
pavement systems.
1.5 Objectives and Scope
It is the goal of this research to evaluate the chemically modified polymer
additives in asphalt blends in an effort to optimize the properties of asphalt
binders containing the polyolefins and EPDM components of solid wastes. We
are interested in studying the visco-elastic properties o f asphalt blends, exploring
the microstructure of asphalt blends, evaluating factors controlling compatibility
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between asphalt and synthetic polymers, and the engineering characterization of
asphalt concrete mixtures. To assess these characteristics of asphalt blends,
Theological properties o f asphalt blends were measured using

rotational

viscometers, dynamic shear rheometry (DSR), and dynamic mechanical analysis
(DMA).

The thermal transition properties were identified using differential

scanning calorimetry (DSC) and thermogravimetric /differential thermal analysis
(TG/DTA). Environmental scanning electron microscopy (ESEM) was employed
to evaluate the phase structure of the asphalt blends. Also this study describes
the results of a laboratory study o f the potential use of chlorinated PE as a
modifier in asphalt concrete mixes which the engineering characterization of
HMAC were evaluated by using a fully automated servo-hydraulic Material
Testing System (MTS) test system.

The properties o f these cements were

compared with typical commercial polymer modified concrete with respect to
performance. The special goals were:
1. To modify three common components of the polymer solid waste stream,
polyethylene, polypropylene and EPDM to enhance their compatibility with
asphalt cements based upon tank asphalts used in Louisiana.
2. To understand the contribution of polymeric modifiers derived from polyolefins
to the properties o f asphalt/polymer blends in terms o f blend stability and
changes in rheological properties.
3. To apply the thermal analysis techniques by using differential scanning
calorimetry (DSC) to identify asphalt sources and to assess asphalt/polymer
blend compatibility.
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4. To compare the phase composition of a polyethylene/asphalt blend with that
o f chlorinated polyethylene/asphalt blends.
5. To evaluate binder rheology of modified polyolefin/asphalt blends and to
characterize their composite properties according to Superpave PG protocols.
6

. To prepare and evaluate paving mixtures containing polymer modified asphalt

and conventional dense graded aggregate mix.

12
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CHAPTER 2
SYNTHETIC POLYMERS AS ASPHALT MODIFIERS
2.1 Introduction
Polymers typically employed in PMAC's include natural rubber latexes,
styrene-butadiene latexes, styrene-butadiene-styrene thermoplastic rubbers,
polyethylene and other polyolefins, and ethylene-vinyl acetate copolymers
[Stewart 1989].

Polyolefins and vulcanized rubber also represent major

components of solid wastes; so incorporation of these materials into polymer
modified asphalt cements would be an effective method of polymer recycling.
Polyethylene (PE) is a potentially useful modifier for increasing the low
temperature fracture toughness o f asphalt concrete [Jew and Woodhams 1986],
and it may confer additional pavement stability at elevated temperatures to
minimize rutting and distortion due to creep. High density linear PE, HDPE, is
highly crystalline but the amorphous domain exhibits a very low glass transition
temperature. This allows PE to contribute additional toughness and ductility at
low temperatures to PE/asphalt blends, particularly those prepared from soft
asphalts.

However, it is known that asphalt-polyethylene mixtures have a

tendency toward gross phase separation due to incompatibility, when standing at
elevated temperature for long periods [Hesp and Woodhams 1991]. Therefore
modification of PE is needed to enhance its compatibility with asphalt.
Modification o f PE by chlorination is a simple technique to change the
polarity, to reduce the crystallinity, and to increase the density of the polymer to
match the density of the asphalt.

Partially chlorinated polyolefin waxes were
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reported to improve the stability of asphalt-polymer blends [Pitchford and Sarret
1967; Fogg and Westerman

1977].

We elected to study high density

polyethylene with various degrees of chlorination designed to improve the
polymer interaction with polar components o f asphalt. The extent of chlorination
can be used to vary the crystallinity of the polymer additive.

The crystalline

domains of polyolefins contribute to high temperature reinforcement while their
amorphous domains, which exhibit very low glass transition temperatures,
contribute

additional

toughness

and

ductility

at

low

temperatures

to

polyolefin/asphalt blends, particularly those prepared from soft asphalts.
Grafting reagents to preformed polymers is an important method for the
preparation of polymers with functional groups. The addition of maleic anhydride
(MAH) to polymer was chosen for this work because the reaction can be
conducted simply using reactive extrusion on polyolefins [Gaylord 1992] and a
reasonable level o f substitution (1-3 wt%) could be achieved.

The modified

polymer consists o f a polymer backbone with pendant succinic anhydride (SAH)
functional groups.

The pendant anhydride moiety provides functionality for

cross-linking and further chemical modification to promote compatibility with other
polymers and fillers.
Polyolefins can be modified by maleation to provide a way to introduce
some desirable properties into the polymer without adversely affecting the nature
of the polymer chain. Maleic anhydride can be grafted onto the polyolefins in a
solution [Masahiko 1977] or in the melt [Biesenberger 1992]. An overview of this
chemistry was provided by Singh [Singh 1992], The initiation of the grafting can

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

be either by peroxide decomposition o r by thermal-mechanical radical formation.
In general, modification o f polyolefins by maleation has improved adhesion to
metals, glass fibers, wood fibers, and polymers [Kiyotada 1978].

One would

expect similar favorable interaction of maleated polyolefins with the polar
components of asphalts.
The modification

o f polyolefins with

maleic anhydride by reactive

processing in an extruder is of particular interest.

A commercial extrusion

process for producing maleic anhydride (MAH) grafted polypropylene is currently
being run at the Adell Plastics plant in Denham Springs, l_A.

The pendant

anhydride moieties provide functionality for cross-linking and further chemical
modification, i.e., the subsequent reactions accomplished by addition of polyvinyl
alcohol, various amines etc.

Evaluation o f polypropylene maleation through

reactive extrusion process, taking into consideration both the energy balance and
the environment conservation, indicates that the process could be favorably
employed in polyoiefin recycling.

Carraher and Moore [Carraher and Moore

1983] reported the reaction of maleic anhydride with polyolefins in the presence
of a peroxide initiator generally results in grafting of MAH to the polyolefins
backbone as well as both crosslinking and chain scission. These side reactions
are due to generation o f backbone chain radicals following by coupling or
disproportionation [Gaylord 1992].

However, Gaylord [Gaylord 1989] has

reported that the presence of low or high molecular weight compounds
containing nitrogen, phosphorous, or sulfur can reduce or prevent these
undesirable reactions.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ethylene-propylene rubber (EPDM) is well known in industry as a
byproduct o f polypropylene.

It is a saturated hydrocarbon that was excellent

resistance to oxidation by ozone [Amberg and Robinson 1961]. There are three
types of non-conjugated dienes used as the copolymerised diene monomer in
EPDM polymers that have been of commercial interest, e.g. dicyclopentadiene
(DCP) [Dunlop Co. Ltd.], methyl endomethylene hexahydronaphthalene (MEHN)
[ICI 1968; Cameli et. al. 1968], and ethylidene norbornene, (ENB)
Carbide 1967].

[Union

However, little appears to be known about the application of

EPDM additives in asphalt.
structure o f EPDM

The elastomeric properties and saturated chain

suggest that it could be a very effective additive.

Modifications of EPDM are of interest as a way for curing of the saturated
rubbers to extend the chemistry of EPDM.

This includes chlorination, sulf-

chlorination [Natta 1957; Makowski et. al. 1964; Makowski and Cain 1963] and
grafting [Montecatini 1959] of EPDM rubbers. The modified EPDM with pendant
succinic anhydride functional groups is particularly interesting.

Products

containing up to 2.5 wt% maleic anhydride, which appears to be the maximum
concentration compatible with asphalt, can be synthesized from EPDM by a
reactive extrusion process.
In a preliminary study, grafting of maleic anhydride to polyolefins was
accomplished in solution and in molten PE, in the presence o f free radical
initiators [Qiu 1994], Conditions, which minimize the cross-linking o f polyolefin or
EPDM, were developed and techniques for characterizing the products using
NMR, FTIR, DSC, TG/DTA, and DMA were calibrated. These techniques were
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applied to the characterization and further modification of EPDM or commercial
maleated polypropylene in this study.
2.2 Experimental Section
2.2.1 Modification o f Polyethylene by Chlorination
High density polyethylene (HDPE) was supplied by Paxon Polymer Co.
The polymer had weight and number average molecular weights o f 8.5 x 104 and
1.9 x 104 daltons, respectively; the melt index was 25. In a typical chlorination
solution, 105g of the HDPE power was placed in a four-neck reaction flask with
1000ml 1,1,2,2-tetrachloroethane (TCE).

The vessel was equipped with

adapters for an N2 inlet and for chlorine inlet. The solution was then heated to
115°C with vigorous stirring until the polyethylene dissolved. A constant flow o f
chlorine gas was introduced to the reactor for periods ranging from

2

to

6

h

depending upon the degree of chlorination desired. The product was isolated by
quenching the reaction mixture in methanol, washing several times with methanol
and vacuum drying at 55°C for a week.
The chlorine content and chlorine distribution were determined with proton
NMR using a Bruker/AM 400 MHz spectrometer.

The melting point and

crystallinity were determinated by DSC data. The samples for 1H NMR analysis
were run as 15% or 1.5% (w/v) solution in para-dichlorobenzene (Aldrich,
spectrophotometric grade) at 115°C to ensure that the entire sample was
dissolved.

The characterization of the CPE’s produced by this present will

discussed in the results and discussion section.
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2.2.2 Calibration Curves for Succinic Anhydride (SAH) Grafting Level in MPP
The reaction o f maleic anhydride with polypropylene (PP) introduces
succinic anhydride substituents.

The amount o f SAH grafting level on

polypropylene was determined by a calibration curve, which correlated the
quantity

of succinic

anhydride

(SAH)

intimately

blended

with

isotactic

polypropylene (Aldrich Co.) with a carbonyl index calculated from FTIR
spectroscopy measurements [Hogt 1988; Kozel and Kazmierczak 1991; Cantor
1993], The carbonyl index (Cl) was defined as the intensity of the carbonyl peak
absorption at 1781 cm

-1

divided by that of the CH 3 peak at 1165 cm

1

. The

solutions for determination of SAH grafted polypropylene were prepared by
dissolving known amount of SAH and PP in hot xylene, placing several drops of
this solution on KBr plates and then evaporating the solvent to form thin films.
The infrared spectra (KBr/neat) were measured and the carbonyl index
calculated. The data yielded the Beer’s law calibration plot shown in Figure 2.1.
2.2.3 Modification o f Maleated Polypropylene (MPP) with Polyvinyl alcohol
(PVA): MPPPVA
In a typical solution, the modification of maleated polypropylene with PVA
was carried out in 250 ml three neck round-bottom flasks equipped with stirring
bar, condenser, thermometer, and an argon gas inlet. A known amount of MPP
(10% w/v) was dissolved in tetrachloroethylene at 90°C for 24 hours. To this
homogenized solution,

1

g of polyvinyl alcohol was added, and the solution was

refluxed for 4 hours.
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Figure 2.1 Blends o f succinic anhydride with PP vs. FTIR carbonyl index
After refluxing, the reaction mixture was then poured into 1.5 L of methanol under
vigorous stirring.

The precipitated polymer was isolated and washed several

times with methanol. The products were dried in v a c u o at room temperature for
three days.
2.2.4 Modification of Maleated Polypropylene (MPP) with Ethanolamine, 1Naphthylamine and A/-aminomorpholine
As described for the modification of maleated polypropylene with PVA, A
MPP solution was prepared from 5 g o f MPP and 120 ml o f xylene.
Ethanolamine, 1 -naphthylamine or N-aminomorpholine (-0.5 g) was added to the
reaction flask that contained the solution of MPP, and the mixture was refluxed
with a gas inlet for 4 hours. The product was isolated by quenching the reaction
mixture in methanol, vacuum filtering, and washing several times with methanol.
Finally, products were dried under reduced pressure at room temperature for
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three days. The products were designated as follows: maleimide from the
reaction

of ethanolamine,

naphthylamine,

MPPNA,

MPPEA,
and

the

maleimide
maleimide

from
from

the
the

reaction
reaction

of 1of

N-

aminomorpholine, MPPAM.
In a typical reactive melt process, the modification of MPP with
ethanolamine was carried out in a Miniaturized Internal Mixer (MIM) equipped
with a torque rheometer (Haake Rheocord 90).

The MIM has two rotors that

rotate within a chamber in order to effect a shearing action on the material mostly
by shearing the material repeatedly against the walls o f the mixing chamber.
After operating for 5 minutes at 165°C and 60 rpm, 50 g o f MPP were added to
the melt.

After an additional 5 minutes, 5 g o f ethanolamine was added and

allowed to mix for 5 minutes. The total mixture was completed in 15 minutes.
Disassembling the mold and scraping the cooling material from the mixer
surfaces yielded the product, MPPEAH.
2.2.5 Modification o f Ethylene-Polyethylene Rubber (EPDM) by Maleation
Ethylene-polyethylene

rubber

(EPDM

509,

with

a

ratio

of

propylene/ethylene is 29:71) was supplied by Uniroyal Chemical Company plant
in Geismer, Louisiana. The polymer had number average molecular weights of
4.1 x 105 daltons and contains

8%

ethylidene norbornene (ENB).

In a typical

solution, the modification of EPDM was carried out in 500 ml three neck roundbottom flasks equipped with stirring bar, condenser, thermometer, and an argon
gas inlet. Known amounts of EPDM

(8

g) were dissolved in xylene at 100°C for

24 hours. To this homogenized solution, we added 0.8 g of maleic anhydride
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(MAH) and 30 mg o f benzyl peroxide (BPO) as initiator to this solution, and the
solution was refluxed for 5 hours. After refluxing, the reaction mixture was then
poured into 1.5 L of methanol under vigorous stirring. The precipitated polymer
was isolated and washed several times with methanol. The product, MEPDM,
was dried in vacuum at room temperature for three days.
As described for the modification of maleated polypropylene (MPP) with
ethanolamine in a Miniaturized Internal Mixer (MIM) equipped with a torque
rheometer (Haake Rheocord 90), the reaction consisted of maleating EPDM and
then adding PVA. After operating for 5 minutes at 160°C and 60 rpm, 25 g of
EPDM were added to melt. After an additional 5 minutes, 5 g of EPDM and 4.5 g
of PVA were added and allowed to mix for 7 minutes. During the 7 minutes, 0.75
g of maleic anhydride and 3 drops of t-butyl perbenzoate (TBPB) were mixed in a
separate beaker.

One half of the MAH/TBPB mixture was added after the 7

minutes period. The second half was then added three minutes later. The total
mixture was completed in 32 minutes.

Also, disassembling the mold and

scraping the cooling material from the mixer surfaces yielded the product,
MEPDMPVA.
Another modification of EPDM with N-phenyl maleimide was carried out in
a MIM equipped with a torque. After operating for 5 minutes at 160°C and 60
rpm, 20 g of EPDM were added to melt. 0.5 g of N-phenyl maleimide and 2
drops of TBPB were mixed in a separate beaker. One half of the /TBPB mixture
was added after the 5 minutes period. The second half was then added after an
additional 3 minutes.

The total mixture was completed in 31 minutes.
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Also,

disassembling the mold and scraping the cooling material from the mixer
surfaces yielded the product, MEPDMPMI.
2.2.6 Calibration Curves for Succinic Anhydride (SAH) Grafting Level in EPDM
One through five weight percent of SAH, respectively, was dissolved with
EPDM in 100 ml of hot xylene. Several drops o f each solution were then placed
on individual KBr plates and then evaporated to form thin films.

Likewise, the

carbonyl index was defined as the intensity of the carbonyl peak at 1784 cm
divided by that of the CH 3 peak at 1374 cm

A

. A carbonyl index was measured

for each solution from the corresponding infrared spectrum (KBr/neat). The data
yielded a linear graph for the calibration curve via the linear regression method
that plot shown in Figure 2.2.

Comparable curves prepared by mixing the

appropriate A/-substituted succinimide with EPDM were used to estimate the
extent of amine reaction with the EPDM.
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Figure 2.2 Blends of succinic anhydride with EPDM vs. FTIR carbonyl index
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2.3 Results and Discussion
2.3.1 Preparation and Characterization of Chlorinated Polyethylene
Polyolefins, in particular high density polyethylene, are highly crystalline.
The crystalline regions o f the polymer are very useful as reinforcing structures,
but they exhibit very little compatibility with asphalts. Chlorination o f polyethylene
disrupts the crystalline regions and introduces some polar components along the
chain with higher asphalt compatibility. The physical properties of chlorinated
polyethylene are dependent on chlorine content and chlorine distribution, which
in turn are determined by the technique used for chlorination. Chlorination can
be carried out in a homogeneous phase (solution method) or a heterogeneous
phase (suspension method). The microstructure and morphology of chlorinated
polyethylenes have been reported [Chai et. al. 1984; Chang et. al. 1988] and the
factors controlling these parameters are documented.

In solution chlorination,

chlorine atoms

manner; the resultant

attack the

polymer in a random

homogeneous distribution of attached chlorine atoms destroys the ordered
arrangement of the polyethylene chain so that the crystallinity o f the polymer
decreases (Scheme 2.1).

In this work, we limit the discussion to chlorinated

polyethylenes prepared in solution.
The FTIR spectra of the HDPE and chlorinated HDPE (24.5 wt% Cl) are
given in Figure 2.3. There are the bands at 653 cm ' 1 and 609 cm '1, characteristic
of the C-CI stretching bands, which are assigned as isolated chlorine in polymer
backbone. Moreover, in the chlorinated HDPE sample, the intensity of the few

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

characteristic bands o f HDPE is reduces and broadening of some other peaks
occurs, showing that chlorine has been attached to HDPE main chain.
Scheme 2.1 Chlorination o f Polyethylene

Q 2, h eat

a
The peak appearing at about 1470 cm *1 is assigned to the CH 2 bending mode of
the HDPE for various length CH2 segments [Nambu 1960].

It is useful in

accessing the chlorine distribution. The 1470 cm "1 band is reduced to a shoulder
in the chlorinated HDPE spectrum, implying that the chlorination reduced the
concentration of consecutive of CH 2 segments of HDPE.

This leads to a

decrease in the crystallinity and transforms HDPE into an amorphous material.
The peak displayed at 719 cm' 1 for the CH 2 rocking mode of HDPE has
contributions from methylene sequences in both the crystalline and amorphous
phase.

In the chlorinated HDPE spectrum, this peak becomes a weaker peak

with a characteristic splitting that is caused by decreasing crystallinity as the
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number o f -CH 2 - unit long enough to crystallize decreases.

This observation

suggests that chlorination occurs in the polymer chain with a random chlorine
distribution rather than block.

As confirmed by proton NMR spectra, these

results show that CPEs have random chlorine distribution along the polymer
chain when the chlorination is conducted in solution.

Chlorine content and

chlorine distribution were also analyzed with proton NMR.

The 1H NMR spectra

o f HDPE and CPE are shown in Figure 2.4. The HDPE spectrum is primarily one
single peak corresponding to -CH 2 - unit.

However, a chlorinated polyethylene

(CPE) spectrum, which was prepared in a solution chlorination, exhibits two main
peaks corresponding to -CHCI-, 3.8~4.7 ppm, and -CH2 -, 1.0-2.7 ppm.
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Figure 2.3 FTIR spectra of HDPE and chlorinated HDPE
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In solution chlorination, the randomly attached chlorine atom destroys the
ordered arrangement of the polyethylene chain. When the methylene signal of
HDPE is compared to that from the chlorinated polyethylene, there are more
peaks in the range from 1.5-2.5 ppm because the -CH 2 - units next to the -CHCIunits are different.
polymer chain

For instance, if chlorine is randomly distributed along the

such

as

the -CHCI-C*H 2 -CHCI-C**H 2 -C***H 2 -C**H 2 -CHCI-

structure o f CPE, then there are at least three assignments o f chemical shift of
methylene units in proton NMR spectrum. Therefore, the CPEs have random
chlorine distribution along the polymer backbone in a typical solution of
chlorination. The hydrogen attached to a chlorine-containing carbon appears as
a signal downfield in range from 3.8~4.7 ppm. Based upon the relative areas of
these peaks, the chlorine content of CPEA is 5.8 wt%, and the CPEB contains
24.5 wt% chlorine distribution along the polymer chain.
The melting point and crystallinity o f the HDPE and CPE’s were
determined by DSC data. From the DSC data (Figure 2.5), the thermograms of
chlorinated HDPEs showed significant changes in the melting points and the
heats of fusion (AHf) in comparison with HDPE, especially in CPEB. According to
Brandrup’s calculation [Brandrup and Immergut 1975], the percent crystallinity of
HDPE was estimated from this data by assuming that 100% completely
crystallized hydrocarbons exhibit an average enthalpy o f 270 (J/g).

The

observed AHf fo r HDPE corresponds to a crystallinity o f 74.9% (Table 2.1). Thus,
the crystallinity o f CPEA (5.8 wt%) and CPEB (24.5 wt%) from DSC data is
54.0%, and 12.9%, respectively. The crystallinity o f CPEB is reduced by
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Figure 2.4 1H NMR spectra o f HDPE (bottom) and chlorinated polyethylenes
CPEA (middle) and CPEB (top)
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approximately one-third upon introduction of only 5.8 wt% chlorine.

The high

degree of chlorination (24.5 wt%) converts crystalline HDPE into a predominately
amorphous material. The results o f the chlorination on HDPE from 1H NMR and
DSC Characterization are summarized in Table 2.I.
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Figure 2.5 DSC thermograms of different degree of chlorination on HDPE, CPEA,
and CPEB
Table 2.1 ^H NMR and DSC Characterization of HDPE and Chlorinated HDPE
Polymer

% Chlorination

Melting Temperature

AHf

Crystallinity*

HDPE

0

131°C

2 0 2 .2

74.9%

CPEA

5.8

119°C

145.8

54%

CPEB

24.5

45-70°C

34.8

12.9%

* The percent crystallinity was estimated from this data by assuming that 100%
completely crystallized hydrocarbons exhibit an average enthalpy of 270
Joules/gram (J/g) [Brandrup and Immergut 1975]
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2.3.2 Modification o f Polypropylene
Maleic anhydride modified polymers are specialized materials because the
pendent anhydride moiety provides functionality for cross-linking and other
chemical modification. The free radical promoted addition of maleic anhydride to
polyolefins is a well-documented technique [Gaylord and Mehta 1982; Gaylord
et. al. 1987; Liu et. al. 1990; Sathe et. al. 1994], due to its simplicity and
effectiveness (Scheme 2.2). In fact, a commercial extrusion process for reacting
maleic anhydride with polypropylene is currently being run at the Adell Plastics
plant in Denham Springs, LA. We have explored the potential applications o f this
maleated polypropylene as an asphalt modifier.
First, it was important to determine the extent of maleation achieved in the
Adell process. The amount of MAH grafting level on isotactic polypropylene (PP)
was determined by a calibration curve, which showed the correlation o f known
amounts of SAH and carbonyl index from FTIR spectroscopy [Hogt 1988; Cantor
1993; Kozel and Kazmierczak 1991]. Table 2.2 is illustrated the relationship of
SAH to PP ratio (wt%) and carbonyl index from the FTIR spectra.
Table 2.2 Blends of Succinic Anhydride with PP vs. Carbonyl Index
SAH (wt%)

Carbonyl Index

0

0

1.5

0.251±0.017

2 .0

0.392±0.013

3.0

0.423±0.009

4.8

0.604±0.050
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Since maleic anhydride is very reactive, the potential compatibility of the
maieimidated polymers could be studied by allowing MPP to react with several
different monofunctional amines to produce maleimide derivatives with different
degrees of polarity (Scheme 2.2).
In

step

one,

the

polypropylene

chain

is

maleated

approximated 1.3 % pendant succinic anhydride units.

to

introduce

Step two, shows the

reaction of the anhydride substituted with primary amine derivatives to produce
the corresponding maleimide derivatives. The succinic anhydride substituents
can be reacted with polyvinyl alcohol to produce a polypropylene/polyvinyl
alcohol blend. These reactions were conducted either in solution or in the melt to
simulate reactions that could be conducted in an extruder.
It has been suggested by K.E. Russell [Russell 1988] that succinic
anhydride units are individually attached to the polyethylene chain because the
succinic anhydride intermediate radicals rapidly undergo chain transfer during the
maleation in the presence o f a free radical.

Moreover, A. Hogt [Hogt 1988]

proposed the grafting of MAH onto PP is accompanied by PP degradation. Thus,
the maleation of polypropylene using the Adell process can be described as the
following reaction mechanism.
ROOR -» 2 RO*

(1)

PP + RO* -► PP* + ROH

(2)

PP* + MAH

(3)

PP-SAH*

PP-SAH* abstract hydrogen from the same polymer chain -» *PP-SAH
*PP-SAH + (n-1) MAH

PP-(SAH)*n

(4)
(5)
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Scheme 2.2 Modification o f Polypropylene by Maleation and Subsequent
Polyimide Formation

ROOR

Poly Vinyl Alcohol
-{C H 2-C H O H )-

R-NH2 =
ethanol amine,
1-naphthylarrine,
N-am'no morpholine

OH
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The free radical initiator dissociates (1) to form a radical site on PP backbone by
hydrogen abstraction (2).

The grafting o f MAH to form pendant succinic

anhydride functional groups are produced through addition of the macroradicals
to MAH (3), and the pendent radicals abstract hydrogen atom from the same or
neighboring polymer chains (4) to from a new radical site on polymer backbone
that may be a number o f carbons away from the starting site. As a result, the
grafting of MAH on PP may produce a random SAH distribution along the PP
backbone (5).
A comparison of FTIR spectra of succinic anhydride (SAH), maleic
anhydride (MAH), MPP, MPPPVA, and isotactic polypropylene is presented in
Figure 2.6. The MPP product from Adell process was prepared using isotactic
polypropylene as the starting material because the same characteristic bands
present in isotactic polypropylene could be detected along with the characteristic
band of cyclic anhydride.

MPP, SAH, and MAH have bands characteristic of

cyclic anhydride at 1781 cm ' 1 while PP does not have the corresponding peaks.
In MPP sample, the intensity of the few characteristic bands of polypropylene
diminishes.

Also, the presence of the carbonyl peak at 1781 cm ' 1 in MPP

confirms the grafting of SAH group onto the polypropylene backbone. Reaction
of polyvinyl alcohol and MPP in an effort to substantially enhance the hydrophilic
character of the polymer additive by introducing the po la r-O H group as indicated
by the peaks at 3396 cm' 1 and 1092 cm'1.
It is of further interest to investigate the FTIR spectrum of the mixture of
MPP and PP (MPP/PP = 2:1). The spectrum of the MPP/PP blend confirms that
the carbonyl index o f MPP/PP mixture is directly proportion to the MPP content,
0.136 (0.204 x 2/3 = 0.136), which is close to 0.145 if the carbonyl index of MPP
is 0.204.
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Figure 2.6 FTIR spectra of SAH, MAH, MPP, MPPPVA, and PP (KBr/neat)
Based upon the calibration curve for SAH grafting level vs. carbonyl index, the
degree of maleation of the commercial product o f MPP, MPP/PP m ix ratio and its
modification with PVA (MPPPVA) are found to be 1.28%±0.04, 0.91%±0.09, and
0.93%±0.02, respectively, which are shown in Table 2.3. Note that the degree of
grafting in MPPPVA is lower than that observed in MPP. This indicates that the
PVA may have incompletely reacted with grafting anhydride groups of MPP.
Table 2.3 Degree of Maleation on MPP and Its Modification to MPPPVA from
FTIR Spectra
Carbonyl Index

SAH Grafting Level (wt%)

MPP

0.204±0.070

1.28±0.04

MPP/PP Mix Ratio = 2:1

0.145±0.015

0.91 ±0.09

MPPPVA

0.148±0.002

0.93±0.02
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The maleation content and SAH distribution in MPP were also analyzed
with

NMR. The

NMR spectrum of MPP in 15% (w/v) tetrachloroethylene

solution at 110°C is shown in Figure 2.7. The MPP spectrum is primarily three
main bands corresponding to -C H *C H 3 ~, 1.56-1.64 ppm, -CH **(SAH )—, 1.251.31 ppm, and -C H C H *** 3 ~ , 0.82-0.98 ppm. R.C. Ferguson [Ferguson 1967]
has reported that the spectra o f isotactic and syndiotactic PP and assigned each
chemical shift for the analysis of PP structures.

Our spectrum fully confirm

earlier conclusions from FTIR that the MPP product from Adell process is derived
from isotactic polypropylene and suggests that the structure o f the succinic
anhydride grafted on isotactic polypropylene is as shown below due to the steric
effect on maleation of PP:
* ♦ *

<
r 1* 3

* *

^

♦ * *

pH 3

For instance, If the substitutions take place on H* position along the polymer
chain such as the ~C-(SAH)-CH***3 -C H 2 -C-(SAH)-CH*** 3 ~ structure o f MPP,
one would expect a reduction in the intensity o f 1.56-1.64 ppm region and the
spectrum would be totally different from that observed the

Figure 2.7.

Unfortunately, the proton NMR spectrum of the MPP does not show the
substituted SAH resonance expected around 2 .1 - 2.2 ppm regions.

However,

the spectrum o f the sample prepared by a reaction o f polyvinyl alcohol and MPP
in o-dichlorobenzene at 110°C (MPPPVA) exhibits a small band at 3.5~3.7 ppm
corresponding to -CHOH, and a very weak band at 2.16-2.18 ppm assigned to a
substituted SAH resonance. In the 13C spectrum of MPPPVA, Figure 2.9, four
singlets are observed. The chemical shifts of the -CH-OH, methylene, methine,
and methyl carbon are observed at 66.5, 46.8, 29.1, and 21.9 ppm, respectively.
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Figure 2.9 13C NMR spectrum of the MPPPVA, observed in o-dichlorobenzene
solution at 110°C
2.3.3 Synthesis of Maleimidated Polypropylene
The formation of polymaleimide derivatives (MPPEA, MPPNA, and
MPPAM) involved the refluxing of MPP with the desired amine compounds in
xylene. These reactions were presumed to proceed through the following route
(Scheme 2.3).
Scheme 2.3 Formations of Polymaleimide Derivatives from MPP
xylene
reflux

+

R = -C H 2C H 2OH, EA
-1-Naphthyl, NA

MPP

-N< 3 =
- h 2o

H-R

MPPEA
MPPNA
MPPAM
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Figure 2.10 is the FTIR spectra (KBr/neat) o f the polymaleimide derivatives from
MPP. The variations in the FTIR group frequencies can be accounted for by the
combination o f the inductive (I) and mesomeric (M) effects on the ground state of
the molecules [Nakanishi and Solomon 1977]. For instance, Nakanishi reported
that the carbonyl stretching frequency (vco) o f cyclic anhydride in MPP generally
is found at higher wavenumber than that o f the saturated aliphatic ketone (1715
cm '1). All of the vco of maleimide derivatives (-1700 or 1720 cm'1) are located at
lower wavenumbers than the cyclic anhydride group (1781 cm'1). This can be
ascribed to the lower electronegative nitrogen of maleimide derivatives than the
oxygen of cyclic anhydride. Careful inspection of the FTIR spectra in Figure 2.10
reveals that there is a distinct shift in the wavelength for the vco of MPPAM
relative to MPPNA, i.e., 1720 cm ' 1 vs. 1706 cm'1, which can be ascribed to the
electronegative oxygen of morpholine in maleimide.
Using the same technique as described to determine the extent of
maleation achieved in the Adell process o f MPP, comparable curves prepared by
mixing the appropriate A/-substituted succinimides with polypropylene were used
to estimate the extent of amine reaction with the maleated polypropylene. Table
2.4

illustrates the

relationship of A/-(2-hydroxyethyl),

1-naphthyl,

and

N-

aminomorpholine succinimide, (SUCEA, SUCNA, SUCAM), respectively, to PP
ratio (%) and carbonyl index from the FTIR spectra (KBr/neat). Based upon the
calibration curve for the appropriate A/-substituted succinimide grafting level vs.
carbonyl index, the degree o f /V-substituents of succinimide in maleated
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polypropylene derivatives (MPPEA, MPPNA, and MPPAM) are found to be
1.37%±0.03, 1.32%%±0.02, and 1.27%%±0.06, respectively.
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Figure 2.10 FTIR spectra of MPP, MPPEA, MPPNA, and MPPAM (KBr/neat)
Table 2.4 The N-substituted Succinimide (wt%) to PP vs. Carbonyl Index
SUCEA

SUCNA

SUCAM

wt%

Carbonyl Index

wt%

Carbonyl Index

wt%

Carbonyl Index

0

0

0

0

0

0

1 .0

0.314±0.042

1.5

0.202±0.064

1 .0

0.494±0.052

2 .0

0.573±0074

2 .0

0.306±0.042

2 .0

0.596±0.044

4.0

0.942±0.035

3.0

0.434±0.017

3.0

0.763±0.017

5.0

1.166±0.0126

4.0

0.527±0.073

4.0

1.236±0.082
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A comparison of the value o f heat of fusion (AHf = 94.4 J/g) in PP, MPP
(AHf =• 91.4 J/g), and MPPPVA (AHf = 88.9 J/g) (Figure 2.11) showed that weight

fraction o f crystalline PP in MPP decreased due to an incorporation o f MAH
[Mukherjee 1985]. The modification of PP with MAH can destroy the ordered
arrangement of the PP chains so that the crystallinity of the PP decreases. The
thermogram of MPPPVA has the lowest values in the melting point, the heat of
fusion (AHf), and crystallinity in comparison with other maleated polypropylene
derivatives (see Table 2.5). This observation may be attributed to PVA reacting
with MPP to form flexible ester bonds to MPP while the other reactions of MPP
with the desired amine compounds promote the formation o f rigid /V-substituted
succinimides on PP (see Scheme 2.3). It is obvious that the PVA converts MPP
crystals into a higher wt% of amorphous material than the amine derivatives do.
However, none of the modifications reduced the crystallinity o f PP to a significant
extent. In fact, the crystallinity of the polyimide derivatives increased slightly. All
the polymers contained a minimum of 45% amorphous material, where we
believe the interaction with the polar asphalt components is focused [Daly et. al.
1993].

The main contribution of maleation and subsequent modification was

used to improve interactions with the polar asphalt components as evidenced by
enhanced blend stability.
The TG curves of PP, MPP, and MPPPVA are presented in Figure 2.12.
The initial decomposition temperature (IDT) and the temperature at which the
sample undergoes 50% decomposition (T50) were calculated. In Figure 2.12, it
showed that the IDT and T50 of MPP were lower than that of PP.
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Table 2.5 Composition and Properties o f Maleated Polypropylene Derivatives
Subst.

Tm

AHf

%

IDT

T 50

%

°C

J/g

Crystallinity

°C

°C

PP

0

166.3.

94.4

45.2

435

452

MPP

1.28

166.7

91.4

43.7

426

446

(Adell)

±0.04

Polyvinyl alcohol

0.93

163.9

88.9

42.5

433

453

adduct, MPPPVA

± 0 .0 2

Ethanolamine

1.37

164.6

121.9

58.3

427

447

adduct, MPPEA

±0.03

166.7

92.4

44.2

433

451

164.9

1 1 0 .8

53.0

435

455

165.9

106.8

51.1

425

446

Ethanolamine
2.54
adduct, prepared in
±0.04
Haake, MPPEAH
Naphthylamine

1.32

adduct, MPPNA

± 0 .0 2

/V-aminomorpholine

1.27

adduct, MPPAM
±0.06
Note: * Subst. - substitution
* Tm—melting point
* A H f- the heats of fusion
* ITD —the initial decomposition temperature
* T 5o - the temperature at which a sample undergoes 50% decomposition
* The percent crystallinity of the modified samples is based upon the
reported theoretical AHf of polypropylene o f 209 J/g [Martuscelli et. al.
1982]
Results of the TGA curves showed that MPPNA had the highest T50, but the
same IDT value as PP. On the other hand, MPPAM had lower IDT and Tsothan
others polymaleimide derivatives (see Table 2.5).

The magnitude of these
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changes was small indicating that little change in the thermal behavior o f PP has
occurred upon the grafting o f substituents.
The composition and properties o f polypropylene and the corresponding
maleated polypropylene derivatives are summarized in Table 2.5. The percent
crystallinity o f the modified samples is based upon the reported theoretical AHf of
polypropylene o f 209 J/g [Martuscelli et. al. 1982].

The low concentration of

substituents on the polymer backbone did not make a significant impact on the
degree o f crystallinity of parent polypropylene, but is expected to enhance its
compatibly with asphalt.
2.3.4 Modification of EPDM
Efforts to extend the EPDM rubber chemistry can be divided into two
methods. First, the formation of functionally substituted SAH on EPDM involving
the reaction o f EPDM with MAH in the presence of free radicals, followed by the
reaction o f these functional groups to form A/-substituted maleimide derivatives o f
EPDM.

Another alternative approach effected direct addition o f A/-substituted

maleimides to EPDM in the presence of free radicals.

Both methods can be

conducted either in solution or in melt process and the extent of reaction can be
followed using FTIR. Figure 2.13 is a compilation of the FTIR spectra of EPDM,
maleated EPDM, and the substituted EPDM derivatives. The FTIR spectrum o f
EPDM (neat) displayed the strong CH stretch mode, CH 2 deformation, CH 3
symmetic deformation, and CH 2 rocking motion of EPDM at 2926, 2852 cm-1,
1462 cm '1, 1374 cm'1, and 717 cm'1, respectively.

The MEPDM spectrum

exhibits an absorption band at 1784 cm' 1 characteristic o f cyclic anhydride. The
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hydrophilic character o f the MEPDMPVA is demonstrated by evidence for the OH group at 3396 cm -1 and 1092 cm '1.

Finally, the maleimide ring o f N -

substituted maleimide derivatives o f EPDM, MEPDMPMI, leads to a strong peak
at 1724 cm'1, that is located at lower wavenumbers than the cyclic anhydride
group 1784 cm '1. The grafting of MAH on EPDM was determined by a calibration
curve that showed the correlation of known amounts of SAH grafting on EPDM
and carbonyl index from FTIR spectroscopy measurements. Table 2.6 lists the
wt% o f SAH grafting on EPDM and carbonyl index from the FTIR spectra.
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Figure 2.13 FTIR spectra of EPDM, MEPDM, MEPDMPVA, and MEPDMPMI
Based upon a calibration curve for SAH content in EPDM vs. carbonyl index, the
degrees of maleation of EPDM and its modification with PVA, MEPDMPVA, are
found to be 2.42%±0.22 and 1.83%±0.35, respectively.

The lower degree of
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grafting in MEPDMPVA indicates that the PVA may have partially reacted with
pendant anhydride groups o f EPDM. The extent o f maleimidation of EPDM could
not be estimated from the carbonyl index due to the strong intensity of N substituted maleimide ring o f MEPDMPMI. A new calibration curve based upon
succinimide derivatives will be required for an accurate estimation of the pendent
succinimide content, if this aspect o f the research is continued.
Table 2.6 The SAH Grafting (wt%) on EPDM vs. Carbonyl Index

SAH (wt%)

Carbonyl Index

0

0

1 .0

0.213±0.015

2 .0

0372±0.03

3.0

0.665±0.043

4.0

1.097±0.080

5.0

1.578±0.054

The DSC thermograms of EPDM, MEPDM, MEPDMPVA, and MEPDMPMI are
shown in Figure 2.14.

When the DSC thermograms of EPDM, MEPDM, and

MEPDMPVA were recorded at a rate of 5°C/min, all the DSC curves show one
peak around 44°C. In order to reveal the crystalline melting of EPDM rubber, in a
subsequent experiment the MEPDMPMI was initially cooled to -2°C (lower
temperature was not accessible due to the limit of instrument at the time), and
then heated from -2°C up to 350°C.

Indeed, the thermogram of the EPDM

derivative, MEPDMPMI, exhibited two endothermic transitions at44°C and 90°C.
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Figure 2.14 DSC thermograms of EPDM, MEPDM, MEPDMPVA, and
MEPDMPMI
The

composition

of MEPDMPMI

appears

to

be

richer in

crystallizable

components than other EPDM derivatives. Note that there are no endothermic
transitions and no significant differences between EPDM and its derivatives
above 100°C.

Unlike the thermal behavior o f polyolefins where mixing at

temperatures above the melting point of crystalline component is required, EPDM
derivatives can be mixed at any temperature below the asphalt decomposition
point.
Weight loss (%) exhibited

by EPDM,

MEPDM,

MEPDMPVA,

and

MEPDMPMI as measured by TG/DTA from 30°C to 500°C is illustrated in Figure
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2.15. The composition and thermal properties o f the maleated EPDM derivatives
are summarized in Table 2.7. Obviously, introduction of the pendent SAH group
or its modification with PVA did not impact the thermal behavior o f MEPDM and
MEPDMPVA significantly based upon the relative ITD and T 50. However, the ITD
and Tsoof MEPDMPMI are much lower than that o f corresponding parent EPDM.
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Figure 2.15 Comparison of TG curves on weight loss (%) of EPDM, MEPDM,
MEPDMPVA, and MEPDMPMI
Table 2.7 Composition and Properties of Maleated EPDM Derivatives
Sample

% Subst.

ITD

T 50

EPDM

0

440

457

MEPDM

2.42±0.22

436

452

MEPDMPVA

1.83±0.35

442

458

428

444

MEPDMPMI

-
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In this chapter, we have explored two simple procedures, chlorination and
maleation, for enhancing the compatibility of polyolefins with asphalt. Our goal
was to modify the polyolefins using procedure that could be applied to polyolefin
wasted.

The modified polymers would be useful additives for improving the

preparation

of asphalt binders.

The preparation of the

polymer/asphalt blends will be described in the next chapter.

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

new modified

CHAPTER 3
POLYMER MODIFIED ASPHALT CEMENTS
3.1 Introduction
Polymers typically employed in PMAC's include plastomerics, elastomers,
and fibers such as natural rubber latexes and synthetic rubber latexes,
polyethylene, polypropylene and other polyolefins, and ethylene-vinyl acetate
copolymers [King et. al. 1986; Terrel and Walter 1986; Stewart 1989; Bayasi and
Celik 1993; Daly et. al. 1993].

There are vast differences in the types and

characteristics o f synthetic polymers to promote either rubbery or rigid properties.
The selection o f an additive must also be based upon the applications, i.e.
climatic differences, material handling techniques, and construction procedures.
Thermoplastics, which are partially crystalline such as polyethylene (PE)
and polypropylene (PP), have attracted more and more attention since this class
o f polymer combines the advantages of rubber and fibers.

The crystalline

segments o f polyolefins serve as high strength fillers in the asphalt-polymer
blend and improve the blend properties over all service conditions. However, the
polyolefins are only slightly compatible with asphalt; thus, the blends tend to
separate at high temperatures.

Ethylene-vinyl acetate copolymers, EVA, are

more compatible and improve resistance to permanent deformation and increase
modulus [King et. al. 1986].

The presence o f vinyl acetate comonomers

decreases the crystallinity o f the PE blocks, leading to increased flexibility and
toughness. In one study on surface dressings, the EVA modified asphalt ranked
among the best of the asphalts tested in the areas of fatigue resistance and field
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performance [Coyne 1988].

Unfortunately, the properties o f EVA blends may

vary substantially depending upon the asphalt used to prepare the PMAC and
unsatisfactory mixes can be produced.
Rubbers are non-crystalline polymers that have very low glass transition
temperatures. There are many rubber-like additives incorporated into asphalt for
asphalt pavement construction including polychloroprene [Takallou and Hicks
1988], styrene-butadiene rubber (SBR) [Brown et. al. 1992; Button 1992],
styrene-butadiene-styrene block copolymer (SBS) [Collins and Mikols 1985; King
et. al. 1986], reclaimed rubber (ground crumb and powdered rubber) [Takallou
and Hicks 1988], and ethylene-propylene rubber (EPDM) [Waters 1997].

The

advantages of rubber-modified asphalt to the paving industry are of interest not
only because of the additional elasticity imparted to the binder but also because
o f the resource recycling. Addition of SBS block elastomers to asphalt increase
resistance of the resultant PMAC to rutting at warm temperatures and improve
the low temperature ductility, elasticity, and cyclic loading properties o f the
mixture [King et. al. 1992].

Several commercial modified asphalts employing

rubber components at 1-14 wt% relative to the asphalt binder are available
[Peterson 1994].

For instance, Koch Company introduced styrene-butadiene-

styrene block copolymer (SBS) to a mix that contained asphalt (AC-30), SBS,
and sulfur at a ratio of 97: 3: 0.06 parts respectively. This industrial polymer
modified asphalt cement, PAC-40HG successfully met LADODT specifications
for PG76-22 and it is currently employed in highway construction in Louisiana.
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In this chapter, the Theological properties o f asphalts and their blends
have been evaluated using SHRP protocols as described in Chapter 1, including
viscosity measurements, dynamic mechanical analysis (DMA), and bending
beam tests. Differential scanning calorimetry (DSC) was employed to evaluate
the thermal behavior of asphalt/polymer blends.

Environmental scanning

electron microscope (ESEM) imaging was used to obtain image information o f
surfaces or near surfaces o f asphalt specimens.

In addition, creep resistance

and low temperature crack resistance o f the asphalt and the PMAC's were
evaluated.
3.2 Experiment Section
3.2.1 Asphalts and Polymeric Additives
Blends were prepared using asphalt used in various products in Louisiana
from four commercial sources, Lion, Eagle, Marathon, and Ergon supply
asphalts. Each of these supplies produces asphalt with viscosity grades ranging
from AC-10 to AC-30. Samples of each type of asphalt were obtained from the
Louisiana Transportation Research Center (LTRC).
identified in Table 3.1.

These samples are

Initial work on this project was conducted with AC-10

grades but these materials prepared to be too soft in the typical Louisiana
environment.

Blends

containing

AC-20

grade

asphalts

met

Louisiana

requirement and were selected for further evaluation in hot mix asphalt concrete.
Polymers investigated as asphalt additives were HDPE, CPE, MPP, MPP
derivatives, EPDM, and EPDM derivatives that described in Chapter 2.
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3.2.2 Asphalt blending methods
Unless specified otherwise, 3 wt% polymer was employed in the
asphalt/polymer blends. The asphalt was heated up to T=150°C (HDPE or CPE)
o rT = 175°C (MPP) o rT = 210°C (EPDM), stirred vigorously while 3 wt% polymer
was added, and then the polymer asphalt blend was stirred at 150°C or 175°C
(MPP or EPDM) for 40 minutes.

For solution blending, 9g o f EPDM was

dissolved in 300 ml o f toluene in a 1000 ml three neck round-bottom flask
equipped with stir bar, condenser, thermometer, and an argon gas

inlet. The

asphalt (291g of AC-30) was melted and then poured into the EPDM solution.
This homogenized solution was refluxed for 40 minutes before the toluene was
gradually distilled out for recycling. Then the polymer asphalt blend was stirred
at 175°C for another 40 minutes.

The blends prepared along

with their

corresponding viscosities are summarized in Table 3.3.
3.2.3 Binder Aging Methods
Each of the asphalt samples and their corresponding blends were
subjected to thin film oven testing (TFOT), which simulates the aging o f the
asphalt binder during mixing and construction operations (short term).
asphalt samples were coated on 20.32 cm

(8

The

inch) metal trays to a thickness not

exceeding 0.64 cm (0.25 inch). Each tray contained 50 ± 0.5g asphalt specimen
and were aged in the TFOT oven at 163°C (325°F) for 5 hours under a
continuous airflow. A pressure aging vessel (PAV) was used to simulate binder
aging during five to ten years of service life (long term). All samples for the PAV
were initially subjected to TFOT aging. Trays containing 50 ± 0.5g of material
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were sealed in the PAV oven at 100°C and 2070 kPa (300 psi) for 20 hours. The
changes in the viscosities o f the samples upon aging are summarized in Table
3.3.
3.2.4 Differential Scanning Calorimetry (DSC)/Thermogravimetric Analysis (TG)
Thermal analysis of the asphalt/polymer blend was performed using
differential scanning calorimetry (DSC) [Noel and Corbett 1970; Brule et. al.
1990] in an environment heated or cooled with a rate of 10°C/min or 5°C/min.
DSC measurements were obtained using a SEIKO DSC220C controlled by
SSC/5200 data station. Analyses were conducted on = 10 mg samples sealed in
aluminum sample pans using an empty aluminum sample with cap as a
reference. The glass transition temperatures (Tg), melting points (Tm), and heat
o f fusion (AHf) o f the blend components were determined.
Thermogravimetric (TG) analysis was conducted on each of the aspahlt
samples listed on Table 3.6 using a Seiko 220 Thermogravimetric/Differential
Thermal Analysis (TG/DTA) thermobalance. The sample for TG analysis ( = 1 0
mg) was contained in an open aluminum sample pans using an empty aluminum
sample pan as a reference under a controlled atmosphere, e.g., air or nitrogen at
a programmed linear rate.
3.2.5 Environmental Scanning Electron Microscope (ESEM)
Images of asphalt ACL-1 blends were obtained by using an Electronscan
ESEM model E-3 with a lanthanum hexaboride electron gun and a high
temperature specimen heating system. The ESEM power was 20 Kev, and the
magnification ranged up to 2000x. The Electronscan high temperature specimen
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heating system replaces the regular specimen stage with a heater assemblely.
This system enables controlled heating of the specimen while under observation.
Before heating, a specimen of asphalt binder was placed in a removable sample
holder mounted on the specimen heater assembly. Videotapes of asphalt blend
structural changes during heating and cooling conditions were recorded using a
camera connected to the ESEM.
3.2.6 Rheology Measurements
According to AASHTO TP48-97, viscosity data were collected at 135°C
using a rotational viscometer (spindle #27 and 100 rpm).

A dynamic shear

rheometer (Bohlin CVO) was used for dynamic mechanical analysis of asphalt
binders with the stress = 150 Pa at a rate of 1.5 Hz in accordance with AASHTO
TP5-97.

The samples were “sandwiched” between two parallel plates with a

diameter of 25 mm at a gap of 1 mm and heated and cooled through one cycle
before recording measurements. The reference temperature was taken as T=
70°C to comply with the performance graded asphalt binder specification
particularized for the hot climate typical of Louisiana.
A bending beam rheometer (Cannon TEBBR) was used to characterize
the low temperature stiffness response o f PAV aged tank asphalts and
asphalt/polymer blends. According to AASHTO TP1-97, the test beams were
produced from test beam molds of 6.35 ± 0.05 mm thick by 12.70 ± 0.05 mm
wide by 127 ± 0.5 mm long fabricated from aluminum flat stock that involved
three major steps: mold preparation, specimen pouring and specimen demolding
[AASHTO 1998]. The data, which were recorded at six loading times (8 , 15, 30,

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

60, 120, and 240 sec) for a load on the beam of 100 ± 5 g at -12°C, allowed the
calculation o f the creep stiffness, S(t), and the creep rate of the sample under
load, m, as the absolute value of the slope of the log creep stiffness versus log
loading time curve. A t least three determinations were made with each sample.
A constant stress creep and creep recovery test was conducted at 50°C
(122°F) with a Haake rheometer (RheoStress RS150) using a 25 mm parallel
plate system with a gap of 0.25 mm. During a first test stage, the specimen was
subjected to a creep stress of 100 Pa. The resulting deformation were measured
and recorded. The resiliency of the asphalt binders was evaluated after the first
test phase, then the stress was released and the specimen was allowed to relax
to an apparent equilibrium deformation. The elastic recovery can be calculated
by the retained deformation caused by the irreversible viscous flow process. The
torque rheometer measures viscosity-related torque caused by the resistance of
the material to the shearing action of the plasticating process.

The mixing

process used in this study was conducted in a Haake Rheocord 90, Miniaturized
Internal Mixer (MIM) equipped with a torque rheometer. A MIM has two rotors
that rotate within a chamber in order to effect a shearing action on the material
mostly by shearing the material repeatedly against the walls of the mixing
chamber. Using a Haake Rheocord 90, a mixture of 50g of asphalt ACL-1 with
3% CPEB (24.5 wt% Cl) was blended at 125°C for 60 minutes. The blend was
allowed cool under agitation to 50°C (120 minutes required) at 60 rpm and total
torque experienced by the sample was recorded.
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3.3 Results and Discussion
3.3.1 Thermal Properties o f Asphalt
The thermal behavior o f asphalts is complex, and depends on their
sources, methods by which they are manufactured and thermal history.

The

thermal history of an asphalt sample exerts a critical influence on the relative
crystallinity of the asphalt/polymer components and thus on the corresponding
DSC thermographs obtained from the samples [Daly et. al. 1996].

It is known

that crystallization of polymeric substances is controlled by kinetic factors [Flory
1958; Speigh and Moschopedis 1981]. Although asphalts are not high molecular
weight polymers, (average molecular weight o f 700 -1000 daltons), asphalts can
have quite high viscosities at room temperature. When the kinetic complications
imposed on the formation of crystals in asphalts are combined with component
complexity, the rate o f crystallization in a given asphalt can be very slow. Slow
heating or annealing before analysis is required to approach an equilibrium state
and eliminate the effects of previous thermal histories.
Figure 3.1 is an example o f a DSC thermogram o f a typical Louisiana
ACL-1 asphalt showing transition temperatures (Tr) at -30°C, 13°C and 53°C. To
reveal the complexity of a given asphalt binder, it is necessary to anneal the
sample at temperature slightly below the expected transitions. Therefore, a
staged annealing program [Daly et. al. 1996; Negulescu et. al. 1997]

was

developed where the sample was initially heated to 100°C and cooled in
controlled stages as illustrated in Figure 3.2.
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Figure 3.1 DSC thermograms of asphalt ACL-1 under various experimental
conditions: A, no annealing, first heating; B, after staged annealing process
illustrated in Figure 3.2
Using these conditions, DSC measurements were conducted on two
Strategic Highway Research Program core asphalt samples that were selected
by a special panel to represent asphalts from very different sources.

These

samples were analyzed in several laboratories [Huynh et. al. 1978; Brule, et. ai.
1990; Claudy et. al. 1992] without applying an annealing process and these
authors implied that the asphalts contain very similar crystallizable components.
The identical endothermic patterns they observed were taken as thermal
responses from identical molecular structures. However, this hypothesis conflicts
with the observed complexity in asphalt molecular structures [Petersen 1984;
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Goodrich et. al. 1986]. Indeed, using the annealing sequences one can resolve
the thermal transitions exhibited by individual asphalts.
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Figure 3.2 Staged annealing program for asphalt samples
As shown in Figure 3.3, tank standard asphalt ABC-1 exhibited only two broad
endothermic transitions at 24°C and 42.6°C.

After subjecting the sample to

annealing, five transitions could be identified at the following temperatures: 27°C, 2°C, 14°C, 38°C, and 52°C.

In contrast, the main features in the

thermogram of tank standard asphalt AAD-1 (Figure 3.4) consisted of two
endothermic transitions at 17°C and 43°C; annealing this sample did not produce
a significant change in the thermograms.

Clearly, the composition of sample

ABC-1 is much richer in crystallizable components, but this distinction can only
be identified by studying annealed samples.
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Figure 3.3 DSC thermograms of standard asphalt before and after the samples
were subjected to the annealing program: A: ABC-1, B: annealed ABC-1
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Figure 3.4 DSC thermograms of standard asphalt before and after the samples
were subjected to the annealing program: A: AAD-1, B: annealed AAD-1
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3.3.2 Identification o f Asphalt Sources
The influence o f component complexity on the crystallization process was
demonstrated by examining a series o f asphalts. The annealing program, Figure
3.2, was applied to the six Louisiana asphalt samples described in Table3.1, and
the corresponding thermograms are shown in Figure 3.5, respectively.

After

annealing, it is clear that not all the thermograms o f the six asphalt samples
exhibit the same pattern of endothermic transitions.
Table 3.1 DSC Characterization of Louisiana Asphalt Samples
Sample

ACL-1

ACL-2

ACE-1

ACM-3

ACR-3

Source

Lion

Lion

Eagle

Marathon

Ergon

Grade 10

AC-10

AC-20

AC-10

AC-30

AC-30

5

5

4

3

1

2.63

5.10

6 .1 0

4.28

0.30

1.31

2.55

3.05

2.14

0.15

Number of
Endothermic
Transitions
AHf (J/g)a
% cryst.b

Note:
a. Determined on annealed samples measured a 5°C/min.
b. Average enthalpy for 100% crystallinity = 200 J/g [Brule et. al. 1990]
Careful inspection of the thermograms in Figure 3.5 reveals that there are
distinct patterns for each sample.

A previous study o f eight different aspahlt

samples found that the thermal transition observed could be classified into four
patterns corresponding with the asphalt sources [Daly et. al. 1996], Thus, the
annealing technique combined with DSC measurements may provide a simple
method to identify the source of unknown asphalt, providing that thermograms
are available for asphalts from a wide variety o f sources.
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TG/DTA is a simple technique to record the mass loss versus increasing
temperature to illustrate the weight losses due to desorption of gases or
decomposition o f the sample.
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Figure 3.5 DSC thermograms o f annealed Louisiana asphalt samples; curve A,
ACL-1; curve B, ACL-2; curve C, ACE-1; curve D, ACM-3; curve E, ACR-3
The TG thermogram of asphalt is shown in Figure 3.6. Based upon the TG/DTA
thermograms, one can estimate the temperature range of given asphalt that
starts to decompose. In asphalt blending processes, the blending temperature
can be decided according to DSC thermograms of polymer and TG/DTA
thermograms o f asphalt. The initial decomposition temperature (IDT) determined
for each asphalt samples is listed in Table 3.2.

The data indicate that most

asphalts begin to degrade at temperatures exceeding 200°C. Thus, all blending
should be conducted at temperatures no higher than 175°C to minimize asphalt
degradation.
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Figure 3.6 Weight loss of asphalt ACE-1 vs. temperature
Table 3.2 The Initial Decomposition Temperature (IDT) o f Asphalt Samples
Sample

ACL-1

ACL-2

ACE-1

ACE-3

ACM-3

ACR-3

AAD-1

ABC-1

Source

Lion

Lion

Eagle

Eagle

Marathon

Ergon

Standard

Standard

Grade

AC-10

AC-20

AC-10

AC-30

AC-30

AC-30

_

_

IDT

216°C

251 °C

207°C

353°C

201°C

209°C

203°C

198°C

3.3.3 Compatibility Analysis by Differential Scanning Calorimetry
The applications of DSC analysis of asphalts and asphalt polymer blends
to evaluate interaction of the asphalt components have been reported [Daly et.
al. 1993]. A comparison of DSC thermograms o f HDPE, tank ACL-1, and ACL1/3% HDPE showed no significant changes in the asphalt transitions between
the tank asphalt and the asphalt/polymer blend (Figure 3.7). The HDPE (curve
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A) has melting peak at 131°C, and the heat effusion is 202 J/g. However, in the
ACL-1/3% HDPE blend (curve C), the melting point shifts down to 120°C, and the
heat of fusion (AHf= 6.0 J/g) is close to 3% of that observed fo r HDPE. This
phenomenon indicates that most o f HDPE crystallinity remains intact in the
blend.
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50
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150

Temperature (°C)

Figure 3.7 DSC thermograms of HDPE (curve A), asphalt ACL-1 (curve B), and
asphalt ACL-1/3% HDPE blend
The DSC thermograms of CPEA (5.8 wt% Cl), annealed tank ACL-1, ACL1/3% CPEA, and annealed ACM-3/3% CPEA are shown in Figure 3.8.

The

melting transition of pure CPEA is 119°C and the AHf is equal to 146 J/g (curve
A). When this polymer is blended with ACL-1, the melting transition is shifted to
113°C and quantitation o f the annealed AC-10/3% CPEA blend (curve B) yields a
value of AHf for this transition of 2.8 J/g.

If the crystallinity of the CPEA were

retained, a value for the AHf would be 4.4 J/g. Also, It can been seen that the
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number o f endothermic transitions of annealed AC-10/3% CPEA blend is
different from that of the annealed tank ACL-1 (curve D).

The discrepancy

between the observed and calculated AHf suggests that there is an interaction
between CPEA and ACL-1, which affects crystallization o f both materials.

A

comparison of the value o f AHf in annealed ACL-1/3% CPEA blend (curve B) and
annealed ACM-3/3% CPEA blend, AHf = 3.3 J/g, (curve C) showed that more of
the crystallinity of the CPEA is retained in ACM-3 more than in AC L-1. This
indicates that CPEA in various asphalt sources shows different interactions
between CPE and asphalt. In this case, there are more interactions in annealed
ACL-1/3% CPEA blend than in annealed ACM-3/3% CPEA blend.
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Figure 3.8 DSC thermograms of CPEA (curve A); annealed ACL-1/3% CPEA
(curve B); annealed ACM-3/3% CPEA (curve C); annealed ACL-1 (curve D)
Another comparison of DSC Thermograms of ACL-1 blended with 3%
HDPE or chlorinated HDPE is shown in Figure 3.9.

One can observe that
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endothermic transition of curve A is shifted down to 113°C (curve B) and 46°C
(curve C) while the chlorine contents increase in HDPE, i.e., to the temperature
region where the crystalline fractions of the asphalt cement melt.

This

observation confirms that introduction of chlorine atoms to the HDPE backbone
can change the polarity and reduce the crystallity o f the polymer (CPEA or
CPEB).

The resultant modification of polymer can adjust the interaction

parameters with asphalt by both increasing the amorphous content and
enhancing the interaction of the amorphous regions of the polymer with the
asphalt phase.
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Figure 3.9 DSC thermograms of ACL-1/3% HDPE (curve A); ACL-1/3% CPEA
(curve B); ACL-1/3% CPEB (curve C)
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The DSC thermograms of ACR-3 blends containing a MPP sample and its
derivatives are showed in Figure 3.10. The melting transition of MPP at 167°C is
reduced to a broader less intense transition around 154°C in blends of maleated
polypropylene (MPP). In addition, the AHf of ACR-3/3% MPP is 2.4 J/g, which is
close to that expected for a 3% blend.

If the crystallinity of the MPP were

retained, a value for the AHf of 3% MPP would be 2.7 J/g (assuming AHf of MPP
is 91.4 J/g). This observation indicates that MPP’s crystallinity remains intact in
the blend.

Further inspection of the AHf values for each blend lead to the

observation that further modifying the succinic anhydride substituents with
amines did not change the interaction significantly.

Combining the maleated

polypropylene with polyvinyl alcohol also failed to change the thermogram of the
blend. Clearly, the DSC technique is not sensitive to any interactions between
the polymers and the asphalts in these blends.
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Figure 3.10 DSC thermograms of MPP (curve A); ACR-3/3% MPPAM (curve B);
ACR-3/3% MPPEAH (curve C); ACR-3/3% MPPEA (curve D); ACR-3/3%
MPPPVA (curve E); ACR-3/3% MPP (curve F); ACR-3/3% MPPNA (curve G)
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3.3.4 Phase Distribution o f Asphalt/Polymer Blends
Asphalt/polymer
asphalt/polymer
temperatures.

phase

structures

were

distribution

and

viewed

with

structural

ESEM

to

examine

changes

at

different

Figure 3.11 shows the ESEM image of tank asphalt, ACL-1,

without any modifier after it was heated up to 120°C, and then cooled down to
40°C. After a similar thermal treatment, an ESEM micrograph of an ACL-1 blend
with 3% HDPE at 35°C from 140°C shows a particle o f HDPE clearly separated
from the asphalt (Figure 3.12). The specimen, in which an asphalt ACL-1 blend
with 3% CPEA (5.8 wt% Cl) is examined at 35°C after heating to 130°C, exhibits
a clear-cut boundary between CPEA and asphalt.

This indicates that phase

separation also exits in the asphalt/chlorinated polyolefin blend (Figure 3.13).
Upon raising the temperature to 64°C, the melting o f the asphalt/polymer blend
was clearly observed (Figure 3.14).

A comparison of asphalt/HDPE and

asphalt/CPE (5.8 wt% Cl) micrographs suggested that the CPE rich phase was
larger than the HDPE rich phase in asphalt blend. The dispersed polymer rich
phases are expected to improve the toughness of brittle asphalt at low
temperature and reinforce asphalt at high temperature [Bucknall and Stevens
1980; Bucknall and Page 1982]. Another image o f an asphalt blend with 3%
CPEB (24.5 wt% Cl) examined at 35°C after heating to 130°C is shown in Figure
3.15.

One can observe there is no boundary between asphalt and synthetic

polymer in asphalt/CPEB (24.5 wt% Cl) blend while the other asphalt/CPEA (5.8
wt% Cl) blend shows a boundary between asphalt and polymer. The contrast
between the two asphalt blends shows that the chlorine content in HDPE is a
significant factor in controlling its compatibility with asphalt. One can observe
that most o f asphalt melts and synthetic polymer disperses into the asphalt
phase in asphalt/CPEB (24.5 wt% Cl) blend at 90°C (Figure 3.16).
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Figure 3.11 ESEM of tank ACL-1 heated to 120°C then cooled to 40°C;
magnification x 265

Figure 3.12 ESEM of tank ACL-1/3% HDPE heated to 140°C then cooled to 35°;
magnification x 265. A polyethylene particle appears as star shaped structure in
the upper right hand corner.
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Figure 3.13 ESEM of tank ACL-1/3% CPEA (5.8 wt% Cl) heated to 130°C then
cooled to 35°C; magnification x 240. The polymer phase appears as a pool
defined area on the left.
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Figure 3.14 ESEM of tank ACL-1/3% CPEA (5.8 wt% Cl) heated to 130°C then
cooled to 35°C, then heated to 64°C; magnification x 240. The polymer phase
appears as a pool defined area on the left. But the asphalt components have
melted.
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Figure 3.15 ESEM of tank ACL-1/3% CPEA (24 wt% Cl) heated to 130°C then
cooled to 35°C; magnification x 240

Figure 3.16 ESEM of tank ACL-1/3% CPEA (24 wt% Cl) heated to 130°C, then
cooled to 35°C, and then heated to 90°C; magnification x 295
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3.3.5 Blend Rheology
3.3.5.1 Viscosity at High Temperature
A Brookfield viscometer was used to evaluate the handling and pumping
properties of asphalt binders at high temperature.

A SHRP specification

suggests that the viscosity o f asphalt binders at 135°C should be less than 3
Pa»s in order to ensure that the binders can be adequately pumped and mixed
with the aggregates at the hot mix asphalt plant. The impact o f each aging step,
TFOT or PAV, on the viscosity o f the binders was measured at 135°C. The data
in Figure 3.17 show that the viscosity increases upon aging for both tank and
polymer modified asphalts, but ACL-1 blends containing 3% HDPE or CPE could
be produced and stored without their viscosities exceeding the 3 Pa«s
specification.

As will be confirmed by dynamic shear rheometer (DSR)

measurements, asphalt blends containing CPE exhibited higher viscosity initially
and after PAV aging due to better compatibility between this polymer and the
polar components from asphalt.

On the other hand, if the ratio o f the

asphalt/polymer blend viscosity to the tank asphalt viscosity was used to
normalize the data as shown in Figure 3.18. The variation in the viscosity ratio of
ACL-1 blends containing HDPE or CPEA is higher than that of other asphalt
sources. A similar variation was observed for ACE-1 blends although of lower
magnitude. Clearly, method specifications based upon in tank asphalt grade will
not adequately predict the increased viscosity observed with different asphalt
sources.
The viscosities o f the tank asphalts and corresponding polymer modified
asphalt cements formed by addition of various modified polyolefins or EPDM
polymers are listed in Table 3.3.
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Figure 3.17 Influence of an ACL-1 and polymer types on viscosity of original,
TFOT, and PAV binders at 135°C
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Figure 3.18 Viscosity variations produced by adding constant polymer content
(3%) to asphalts from different sources
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Table 3.3 Influences of Asphalt Types and Polymer Types on Viscosity of
Original, TFOT, and PAV Asphalt Binders; Viscosity, r \, Pa«s @ 135°C & 100
rpm
Sample

Original TFOT
%
Add
ACL-1
0.24
0
0.44
ACL-1/HDPE
3
0.64
0.99
ACL-1 /CPEA
3
0.83
0.94
ACL-1/CPEB
3
0.62
1.10
ACL-1 a
0
0.31
0.35
ACL-1 a/MEPDMPV
3
0.58
0.63
ACL-3
0
0.45
0.56
ACL-3/MEPDMPV
3
1.49
1.69
ACE-1
0
0.16
0.58
ACE-1/HDPE
3
0.19
1.22
ACE-1 /CPEA
3
0.27
1.25
ACE-3
0
<0.05
0.50
ACE-3/EPDMW
3
1.00
1.06
ACE-3/EPDM
3
1.33
<0.05
ACE-3/MEPDM
3
0.65
<0.05
ACE-3/SBS (PAC40)
3
1.13
1.30
ACM-3
0
0.48
0.78
ACM-3/HDPE
3
0.73
1.11
ACM-3/CPEA
3
0.97
1.54
ACR-3
0
0.43
0.40
ACR-3/HDPE
3
0.85
1.15
ACR-3/CPEA
3
0.76
1.33
ACR-3/EPDM
3
0.99
2.03
ACR-3/MEPDM
3
0.96
1.47
ACR-3/MEPDMPVA
3
0.93
1.55
ACR-3/MEPDMPMI
3
1.00
1.49
ACR-3/MPP
3
0.86
1.01
ACR-3/MPPPV
3
0.90
0.78
ACR-3/MPPEA
3
0.83
0.79
ACR-3/MPPEAH
3
0.91
1.21
ACR-3/MPPNA
3
0.88
0.94
ACR-3/MPPAM
0.84
3
1.28
AAD-1
0
0.17
0.68
ABC-1
0
0.34
0.85
Note: The Brookfield viscometer is accurate to
spindle/speed viscosity range

PAV

PAV/Original

0.52
1.27
1.47
1.55
0.54
0.72
0.87
1.94
0.82
1.69
2.21
1.13
2.42
<0.05
< 0.05
>2.50
1.14
1.94
>2.50
0.69
1.86
2.41
<0.05
<0.05
< 0.05
<0.05
1.31
1.38
1.30
>2.50
1.32
>2.50
1.47
1.45
± 1% of
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2.13
2.00
1.78
2.50
1.75
1.24
1.95
1.31
5.29
8.87
8.34
-

2.42
-

>2.22
2.40
2.67
>2.59
1.63
2.19
3.17
-

-

-

-

1.53
1.53
1.56
>2.75
1.51
>2.98
8.62
4.27
any full-scale

The increase of viscosity as a result of polymeric additives depends upon both
the nature o f asphalt cements and the types o f polymer. Note that in no case
does the viscosity o f a blend exceed the proscribed 3 P a*s upper limit in original
and TFOT stages. Further, one can observe from Table 3.3 that the presence of
compatible polymer additives does not impact aging or viscosity too much, i.e. in
most cases the PAV/Original viscosity ratios of the blends were comparable to
that observed for the tank asphalts. The formation of incompatible blends leads
to catastrophic decreases in viscosity, which are below the sensity o f the
selected measurement limits. These observations are recorded as below 0.05
Pa»s.
3.3.5.2 Temperature Effect on the Viscosity of Asphalt Binders
The study o f the temperature dependence o f the viscosity of asphalt
binder is important for understanding of the mechanism o f the asphalt flow
process in order to elucidate the relation between its structure and its behavior
on deformation. In general, the flow process is primarily governed by the energy
required to overcome the potential energy barrier upon transition from one
equilibrium position to the next. To study the viscosity-temperature function of
asphalt binder,

a dynamic shear rheometer was

used to evaluate the

dependence o f viscosity of asphalt binder on temperature. It has already been
pointed out that viscosity is also a function of shear rate y or of shear stress x. In
this work, we limit the discussion to the constant shear stress on asphalt binders.
Once the process o f dynamic oscillation starts, its frequency will increase linearly
and its amplitude will increase exponentially with increasing temperature. All rate
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processes including viscous and elastic deformation can be expressed in terms
of an Arrhenius-type equation.
q = A e Ea/RT

or

In q = In A + Ea/RT

(3.1)

Where
R = gas constant
A = constant (frequency term)
Ea = an activation energy o f the flow process
T = absolute temperature, °K
Figure 3.19 is a typical example o f plot of shear viscosity versus temperature for
asphalt binder. A plot o f In

ti v s

1/T should give a straight line with slope Ea/R

and intercept In A. If the dependence of viscosity on temperature is found to be
nonlinear, it means that the Ea is a function o f temperature. In general, as the
temperature decreases, the barriers of potential energy can be attributed to
either the formation of new intermolecular bonds or an increase of the number of
bonds that must be overcome in the flow process. One can observe from Figure
3.19, two linear regions with a single inflection point on the curve.

This

observation suggests that two activation energies of the flow process exist in this
asphalt. A t a certain temperature, called the onset temperature T0, a jumpwise
change o f Ea can be explained by a structural or relaxation transition occurring at
this temperature that leads to the appearance of a new mechanism of flow
process. O f great interest are its experimental determination and the relationship
between the activation energy and composition of asphalt binders. As polymers
(HDPE or CPEA or CPEB) are blended with ACL-1, the onset temperature
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gradually becomes less pronounced Indicating that the activation energy retains
constant over the observed temperature range (Figure 3.20).

The T0 was

practically eliminated by blending the asphalt with 3% CPE, suggesting that the
temperature dependence o f viscosity of the asphalt/CPE was less sensitive to
temperature than that of tank asphalt.

Therefore, the flow mechanism of

asphalt/CPE must be considered since the sensitivity o f viscosity towards a
change in temperature has a substantial effect on its processibility.
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Figure 3.19 Typical example of the Arrhenius plot of temperature dependence of
the viscosity for tank asphalt ACL-1
The activation energy of flow as determined by the slope (fit linear) of the
dependence of viscosity on temperature is plotted in Figure 3.21. It depicts that
a significant difference between the active energy of flow o f various asphalt
sources with 3% HDPE or chlorinated HDPE.
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Figure 3.20 Temperature dependence of the viscosity of tank ACL-1 and blends
with HDPE or chlorinated HDPE
One can observe a drastic reduction in the activation energy of flow attributed to
the polymer additives (HDPE or CPE) ability to overcome the elementary flow
displacement resistance in asphalt binders.

The activation energy of flow, A

value, and onset temperature o f the tank asphalts and corresponding polymer
modified asphalt cements formed by addition of synthetic polymer are listed in
Table 3.4. Note that the lowest activation energy of flow is observed for blends
containing rubber-like polymers. This indicated that the activation energy of flow
is related to the crystallinity of polymers and components of blends.

An

interesting relationship between the active energy of flow for asphalt binders and
the number average molecular weight (Mn) of synthetic polymers that blend in
various asphalt sources is observed.

The correlation between Ea and Mn of

synthetic polymers is based on the utilization of the heat of fusion o f asphalt
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binder, which can be determined from the corresponding DSC thermographs, to
calculate the Mn o f polymer from the following equation: AHf = Ea-RT.

For

instance, the Mn of HDPE can be decided from the DSC curve of ACL-1/3%
HDPE (AHf = 6 J/g and T = 393°K) and from the Arrhenius-type equation o f ACL1/3% HDPE (Ea = 124.3 kJ/mole). Thus, the Mn o f HDPE is equal to 20000
daltons, which is close to 19000 as reported by the provider. Likewise, the same
methods were used to evaluate the Mn of each synthetic polymer are listed in
Table 3.5.

Unfortunately these experiments cannot apply to EPDM, MEPDM,

MEPDMPVA, and the A/-substituent o f succinimide in EPDM because there is no
heat o f fusion of asphalt blends from the corresponding DSC thermographs.
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Figure 3.21 Comparison between the activation energy of flow for Louisiana
asphalts and blends with HDPE or chlorinated HDPE
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Table 3.4 Influences o f Asphalt Types and Polymer Types on A Value, Activation
Energy of Flow, and Onset Temperature o f Original Asphalt Binders

Sample
ACL-1
ACL-1/HDPE
ACL-1/CPEA
ACL-1/CPEB
ACL-1 a
ACL-1 a/MEPDPV
ACL-3
ACL-3/MEPDPV
ACE-1
ACE-1/HDPE
ACE-1/CPEA
ACL-2
ACL-2/CPEB
ACE-3
ACE-3/EPDMW
ACE-3/EPDM
ACE-3/MEPDM
ACE-3/SBS
(PAC40)
ACM-3
ACM-3/HDPE
ACM-3/CPEA
ACR-3
ACR-3/HDPE
ACR-3/CPEA
ACR-3/EPDM
ACR-3/MEPDM
ACR-3/MEPDMPVA
ACR-3/MEPDMPMI
ACR-3/MPP
ACR-3/MPPPV
ACR-3/MPPEA
ACR-3/MPPEAH
ACR-3/MPPNA
ACR-3/MPPAM
AAD-1
ABC-1

%
Add

A value

Ea
kJ/mole

0
3
3
3
0
3
0
3
0
3
3
0
3
3
3
3
3

8.52E+20
9.93E+19
7.89E+18
2.41 E+15
5.44E+21
7.98E+18
2.37E+20
1.79E+18
2.05E+20
3.78E+18
1.20E+18
3.59E+18
1.46E+16
8.09E+19
2.57E+18
1.62E+17
9.41 E+16

128.7
124.3
118.1
115.1
134.0
118.6
127.1
116.3
124.2
115.7
112.2
135.7
120.6
123.6
116.9
110.5
106.9

3

2.77E+17

112.2

0
3
3
0
3
3
3
3
3
3
3
3
3
3
3
3
0
0

1.03E+20
2.78E+19
1.65E+18
1.91 E+20
3.73E+19
1.87E+19
2.05E+19
1.57E+18
5.67E+19
2.53E+18
4.49E+19
9.09E+19
1.50E+20
1.42E+19
3.37E+19
8.11 E+19
1.03E+16
1.32E+16

125.6
123.5
118.1
127.1
124.0
122.2
123.2
116.3
125.6
117.3
125.9
127.5
127.5
122.1
125.0
126.6
117.1
120.0
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Onset
Temperature,
°C
329
334
-

-

325
-

333
-

318
330
-

331
-

327
-

-

-

328
332
-

330
340
-

-

-

-

-

-

'

-

-

-

-

-

324
322

Table 3.5 Estimation of the Number Average Molecular Weight (Mn, daltons) for
Various Synthetic Polymers from Binder Heat of Fusion
HDPE

CPEA

CPEB

MPP

MPPPVA

MPPEA

MPPEAH

MPPNA

MPPAM

20000

26000

33000

52000

66000

49000

50000

51000

50000

3.3.5.3 Dynamic Shear Viscoelastic Properties of Asphalt Binders
Dynamic shear tests are advantageous because the data can be acquired
within the linear range o f the asphalt in a loading mode that is similar to that of
traffic loading.

These measurements are particularly useful in the transition

region where delayed elasticity is a major portion of the material response. For
rheological measurement, the DSR was used to measure the linear viscoelastic
moduli of asphalt cement binders under oscillating conditions to yield the
dynamic mechanical properties.

G*. the ratio of the peak stress to the peak

strain, reflects the total stiffness. The in-phase component of IG*I is the shear
storage modulus, G' (the elastic portion), the out-phase component o f IG*I is the
loss modulus, G" (the viscous portion), and tanS is a mechanical damping or
internal friction, i.e. tanS = G'VG', and sinS = G"/G*, and G* = G' + i G".

If the

isochronal sin5 is one, the system is considered a Newtonian fluid, i.e. the
storage modulus vanishes since sin8 s 1, G*/sin5 s G”.
The

isochronal

sinS

curves

as

a

function

of

temperature

for

asphalt/polymer blends are illustrated in Figure 22-Figure 24. One can observe
that tank ACL-1 and ACL-1 1 3 % HDPE curves approach unity at grade reference
temperatures, 64°C and 70°C. As the visco-elastic fluids begin to flow, there is
no elasticity (i.e., G' value) either in original asphalt binders or in aging asphalt
binders (short term and long term) at high temperature. This reveals that the flow
exhibits Newtonian behavior and the polymer particles do not interfere with the
measurement. However, these figures also depict that the sinS of blends with
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CPE are substantially less than one at high temperatures. Clearly, the asphalt
binders containing CPEA or CPEB are not exhibiting Newtonian flow either in
original asphalt binders or in aging asphalt binders at high
temperatures.

pavement

The chlorinated HDPE interaction with the polar fractions of

asphalt cement could be responsible for an increased visco-elastic component in
ACL-1/3% CPE binders and improved pavement performance at reference
temperatures.
In PG grading asphalt specifications, G*/sin8 was selected to express the
contribution of the asphalt binder to permanent deformations. This value reflects
the total resistance of a binder to deformation under repeated loading (G*) and
the relative amount energy dissipated into non-recoverable deformation (sin5)
during a loading cycle.
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Figure 3.22 Variation of sinS with temperature for the blends o f ACL-1 with 3%
HDPE or 3% CPE. Dotted lines are set at sinS = 1.0, T= 64°C, and 70°C
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Higher values of the parameter ratio are expected to result in high resistance to
permanent deformation. A G*/sin5 value should be larger than 1kPa @ 1 0 rad./s
for the original binder at a maximum pavement design temperature. Isochronal
plots o f G*/sin5 reveals distinct differences due to the modifiers ability to mix with
asphalt (Figure 3.25). Both of the modified asphalts are qualified according to
PG grading specification of the stiffness parameter at 64°C. However, only the
blends containing chlorinated HDPE meet the PG grading specification at 70°C.
Introduction o f chlorine atoms enhances compatibility between the polymer
additives and asphalt, thus the volume o f the polymer rich phase will be
increased due to improved ‘solubility’ in the asphalt. This is consistent with our
assumption that the chlorinated polyethylene is more compatible with asphalt
than HDPE. Obviously, the increases are significant and are expected to result
in improving in pavement resistance to rutting when the pavement is in service.
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Figure 3.25 Comparison between rutting factors o f tank asphalt and blends with
HDPE or chlorinated HDPE. Dotted lines are set at SHRP qualifying values of 1k
Pa, 64°C, and 70°C
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In order to evaluate the permanent deformation (rutting) and the fatigue
cracking o f aged asphalt binders, the PG grading specifications require
determination of G* and its components for TFOT and PAV aged materials. The
permanent deformation is related to the ratio G*/sinS, which must be at least 2.2
kPa after TFOT aging at specified high temperature. The product of G*sin5 (or
G”) is represents the fatigue cracking factor in asphalt pavements, i.e. a
maximum limit of 5000 kPa at a low temperatures is set in the PG grading
asphalt specifications.

The ability to dissipate or relax stress is a desirable

binder character in resisting fatigue cracking. An inspection of Figure 3.26 shows
that there is no significant difference between tank ACL-1 and ACL-1/3%HDPE in
TFOT stage. This observation suggests that gross phase separation occur after
thin film aging of the ACL-1/3%HDPE blend, which could result in the same
rheological properties as unmodified asphalt.

The G*/sinS of ACL-1/3%CPE

blends is somewhat higher than that of the aged tank asphalt so partial phase
separation occurs in this blend at high temperature. However, all of these curves
met the qualification o f SHRP specifications at 64°C. Tests on fatigue cracking
for PAV asphalt binders are illustrated in Figure 3.27. This shows that the loss
modulus (G*sin5 or G”) of the PAV aged ACL-1/3%HDPE and ACL-1/3%CPE
blends are less than that of PAV aged tank asphalt at all temperature ranges.
Extrapolation of the data to the temperature at which G*sin5 reaches 5000 kPa
illustrates this point.

The temperature for ACL-1/HDPE or ACL-1/CPE as

obtained from the intercept of the extrapolation is much lower than that o f the
aged tank sample. The drastic reduction in the loss modulus can be attributed to
the polymer additive (HDPE or CPE) being effective in reducing age hardening
that leads to long-term cracking. The G*/sin8 values for original and TFOT-aged
binders and the G*sin8 values for PAV-aged binders of the tank asphalts and
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corresponding polymer modified asphalt cements formed by addition o f synthetic
polymer are summarized in Table 3.6.
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Figure 3.26 Variation of G*/sin5 with temperature for tank asphalt and o f blends
with HDPE or chlorinated HDPE. Dotted lines are set at SHRP qualifying values
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Figure 3.27 Variation of G*sin5 with temperature for tank asphalt and of blends
with HDPE or chlorinated HDPE. Dotted lines are set at SHRP qualifying values
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Table 3.6 Summary c f DSR Test Results Based Upon The
SHRP Criteria: Original Binder, G*/sin8 > 1 .0 kPa, TFOT-aged Binder, G*/sin8 >
______________ 2.2 kPa, PAV-aged Binder, G*sinS < 5000 kPa
____
Sample

%
Add

Original
G*/sin8, kPa

TFOT
G*/sin8, kPa

PAV
G*sin8, kPa

ACL-1
0
1.8 @58°C
7.3 @58°C
58729 @22°C
ACL-1/HDPE
3
1.5 @64°C
2.9 @64°C
1076 @25°C
ACL-1/CPEA
3
2.1 @64°C
3.5 @64°C
1271 @25°C
ACL-1/CPEB
3
2.7 @64°C
3.3 @64°C
1141 @25°C
ACL-1 a
0
1.9 @58°C
3.3 @58°C
1887 @22°C
ACL-1 a/MEPDPV
3
1.5 @70°C
2.3 @70°C
876 @28°C
ACL-3
0
1.6 @64°C
3.3 @64°C
3012 @25°C
ACL-3/MEPDPV
3
1.4 @76°C
2.9 @76°C
1513 @31°C
ACE-1
0
1.0 @64°C
2.7 @64°C
31205 @28°C
ACE-1/HDPE
3
1.6 @64°C
3.4 @64°C
913 @25°C
ACE-1/CPEA
3
1.7 @64°C
10.0 @64°C
808 @25°C
ACE-3
0
1.4 @64°C
4.1 @64°C
2469 @25°C
ACE-3/EPDMW
3
1.2 @76°C
2.2 @76°C
1384 @31 °C
ACE-3/EPDM
3
2.0 @76°C
2.7 @76°C
1819 @31°C
ACE-3/MEPDM
3
1.8 @70°C
3.4 @70°C
3800 @28°C
ACE-3/SBS
3
1.8 @70°C
3.2 @70°C
1036 @28°C
ACM-3
0
1.1 @70°C
2.7 @70°C
40711 @31 °C
ACM-3/HDPE
3
2.1 @70°C
2.7 @70°C
1002 @31 °C
ACM-3/CPEA
3
2.1 @70°C
3.5 @70°C
1281 @31°C
ACR-3
0
1.0 @70°C
6.6 @70°C
789 @31 °C
ACR-3/HDPE
3
1.7 @70°C
2.7 @70°C
1214 @31°C
ACR-3/CPEA
3
1.8 @70°C
3.1 @70°C
873 @31 °C
ACR-3/EPDM
3
1.2 @76°C
2.2 @76°C
1139 @34°C
ACR-3/MEPDM
3
1.5 @76°C
3.1 @76°C
1411 @34°C
ACR-3/MEPDMPVA
3
1.1 @76°C
2.9 @76°C
2081 @31 °C
ACR-3/MEPDMPMI
3
1.3 @76°C
3.3 @76°C
909 @34°C
ACR-3/MPP
3
2.9 @70°C
3.5 @70°C
2119 @28°C
ACR-3/MPPPVA
3
2.5 @70°C
2.6 @70°C
2195 @28°C
ACR-3/MPPEA
3
1.7 @70°C
2.2 @70°C
2081 @28°C
ACR-3/MPPEAH
3
2.5 @70°C
4.1 @70°C
2049 @31°C
ACR-3/MPPNA
3
2.9 @70°C
3.2 @70°C
1903 @28°C
ACR-3/MPPAM
3
2.0 @70°C
4.3 @70°C
2249@31°C
AAD-1
0
1.3 @64°C
3.5 @64°C
1108 @25°C
0
ABC-1
1.3 @70°C
2.3 @70°C
940 @28°C
Note: (1) All of TFOT and PAV aged binders - mass loss < 1.0
(2) Single-operator precision - Original binder: 3.4%; TFOT residue: 3.9%;
PAV residue: 7.9%
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The data in Table 3.6 reveal that the improvement of the rutting resistance o f the
asphalt blends as reflected by G*/sin8 parameter can be correlated with the
compatibility between the polymer modifier and the asphalt cement at high
temperatures.

Most o f blends exhibit reduced fatigue factor in terms of G*sin8

parameter for long-term temperature cracking relative to tank asphalts, but no
significant differences were apparent upon variation of the polymer additives.
3.3.5.4 Low-Temperature Creep Response o f Asphalt Binders
Preliminary low temperature creep properties o f asphalt blends using
bending beam rheometer (Figure 3.28) can be obtained by knowing the creep
load applied to the beam and the deflection at several loading times during the
test. The creep stiffness can be calculated using engineering beam mechanics.
The creep stiffness (S(t» and creep rate (m) are defined as follows:
S(t) = PL3/4bh3S(t)

(3.2)

m = I d log S(t) / d log(t) I

(3.3)

where, S(t) = creep stiffness at time, t= 60 seconds, P = applied constant load
(100g), L = distance between beam supports (102 mm), b = beam width (12.5
mm), h = beam thickness (6.25 mm), 8(t) = deflection at time (t = 60 sec).
According to PG grading, the stiffness S(t) and creep rate of the binder under
load are reported at the specification temperature after a 60 seconds loading,
which simulates stiffness after two hours at 10°C lower temperature (Figure 3.29
and Figure 3.30).

The data were collected at the -12°C for PG grading

temperature, i.e., S (t=60) < 300 MPa and m-value (slope) > 0.3. It is expected
that binders with the high creep stiffness will crack at low temperature. Likewise,
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binders with high m-values are more effective in shedding stresses that build in
asphalt pavements as temperatures drop ensuring that low temperature cracking
will be minimized [Background of SHRP 1995].
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Air Bearing
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Fluid
Bath Loading
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Supports

Asphalt Beam

Figure 3.28 Bending beam apparatus
Deflection

simulates stiffness
after 2 hours at
IOC lower temp

60
Tirae,s

Figure 3.29 Typical deflection vs. loading times diagram during the test
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Log Creep
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Figure 3.30 Typical log creep rate vs. log loading times diagram during the test
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Figure 3.31 Creep stiffness and m value of PAV aged ACL-1 blends containing
HDPE and chlorinated HDPE. Dotted lines are set at SHRP qualifying values of
300 MPa and m = 0.3
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The data in Figure 3.31 indicate that ail asphalt binders based on HDPE and
CPE met the S(t) and m-value performance criteria for the chosen temperature (12°C). Likewise, the same methods were used to evaluate the S(t) and m-value
for all o f the PAV-aged asphalt binders. The obtained results are presented in
Table 3.7.

Using this technique in connection with the DMA data, one can

specify the PG grading for all of the tank asphalts and corresponding polymer
modified asphalt cements prepared in this work, Table 3.7.

One can observe

from Table 3.7 that most of blends containing HDPE and CPE additives increase
the stiffness o f the blends for the low-temperature creep except for ACE-1.

In

contrast, the blends containing MPP derivatives and EPDM derivatives decrease
the stiffness of the blends except for ACE-3.

Obviously, the value of creep

stiffness o f blend at low temperature is correlated to the interaction between
asphalt and polymer. As described in Chapter One for the performance grading
o f asphalt binder, binders with both higher temperature grade and lower
temperature grade are expected to accommodate the asphalt pavement
distresses more effectively. From Table 3.7, it can be seen that the addition of
polymer additives, in most cases, significantly enhances the PG grading o f the
asphalt/polymer blends.

The best PG grading in this study is PG76-22 that

includes ACL-3/3%MEPDMPVA, ACE-3/3%EPDM, ACE-3/3%EPDMW,

and

ACR-3/3%MEPDMPVA.
The

creep

and

recovery measurements

provide

rheoiogical

data

characteristic to a particular binder under the conditions employed. This method
allows one to simulate the response of road covering materials when they are
subjected to oscillatory loads.

The constant stress creep/creep recovery test

(Figure 3.32) illustrates a significant difference between the deformation o f CPE
and HDPE blends.
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Table 3.7 Influence o f Asphalt Types and Polymer Types on Low-Temperature
Creep Response and Resultant PG Grading. SHRP Standard: Stiffness < 300
MPa, m-value > 0.30
Sample
ACL-1
ACL-1/HDPE
ACL-1/CPEA
ACL-1/CPEB
ACL-1 a
ACL-1 a/MEPDMPVA
ACL-3
ACL-3/MEPDMPVA
ACE-1
ACE-1/HDPE
ACE-1/CPEA
ACE-3
ACE-3/EPDMW
ACE-3/EPDM
ACE-3/MEPDM
ACE-3/SBS (PAC40)
ACM-3
ACM-3/HDPE
ACM-3/CPEA
ACR-3
ACR-3/HDPE
ACR-3/CPEA
ACR-3/EPDM
ACR-3/MEPDM
ACR-3/MEPDMPVA
ACR-3/MEPDMPMI
ACR-3/MPP
ACR-3/MPPPV
ACR-3/MPPEA
ACR-3/MPPEAH
ACR-3/MPPNA
ACR-3/MPPAM

%
Add
0
3
3
3
0
3
0
3
0
3
3
0
3
3
3
3
0
3
3
0
3
3
3
3
3
3
3
3
3
3
3
3

Stiffness (MPa)
@ -12°C
124
168
242
110
243
111
198
185
384
163
169
173
221
222
196
110
122
450
375
333
391
460
236
255
237
214
221
210
189
270
212
294

m-value

PG Grading

0.36
0.37
0.32
0.36
0.48
0.39
0.33
0.35
0.29
0.37
0.34
0.35
0.30
0.30
0.32
0.39
0.34
0.26
0.30
0.30
0.30
0.30
0.29
0.29
0.30
0.28
0.33
0.34
0.36
0.27
0.33
0.28

58-22
64-22
64-22
64-22
58-22
70-22
64-22
76-22
64-16
64-22
64-22
64-22
76-22
76-22
70-22
70-22
70-22
70-16
70-16
70-16
70-16
70-16
76-16
76-16
76-22
76-16
70-22
70-22
70-22
70-16
70-22
70-16

Note: Single-operator precision - Creep Stiffness (MPa): 3.7%; m-vale: 1.8%

This observation might be an indication of their rutting resistance, i.e., the lower
the deformation, the better the binder response to rutting, which is related to the
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composition o f the asphalt binder. The ACL-1/CPE material exhibits much more
pronounced resistance to creep than ACL-1 /HDPE or tank ACL-1 at 50°C.
Therefore, it would be expected to yield better cement with the maximum rutting
resistant that can imparted by the binder. The creep testing gives an indication
of the resistance o f the asphalt binder to deformation and the recovery
percentage gives an indication of the elastic resilience of the asphalt binder.
Elastic creep recovery of asphalt samples can be observed in Figure 3.33 after
the stress was removed. As expected, the chlorinated HDPE blend reduced the
extent o f creep significantly and exhibited higher creep recovery than the
corresponding HDPE blend due to the presence o f the more elastic filler. The
pure asphalt sample did not display any recovery and the presence of HDPE in
asphalt did not improve any recovery percentage under these conditions. The
same methods were used to evaluate the deformation @ 1 0 0 seconds and
extent of percentage of recovery for the tank asphalts and some representative
polymer modified asphalt cements; the results are reported in Table 3.8. Table
3.8 shows that the binder contribution to permanent deformation resistance is
reflected by creep recovery, which was enhanced by rubber-like polymer
additives such as CPE.
The viscosity-related total torque of both tank asphalt and asphalt blend
during cooling under agitation is clearly revealed in Figure 3.34.

There is no

difference of tank ACL-1 or ACL-1/3% CPEB in the total torque at a high
temperature.

However, when the sample temperature reached 70°C, the

crystallization temperature of the CPE employed, a rapid increase in the total
torque was observed indicating that the polymer was contributing significantly to
the viscosity of the mixture.

This observation confirms that phase separation

does not occur on cooling for the ACL-1/3% CPEB blend when high degree of
chlorination is employed.
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Figure 3.32 Constant stress creep/creep recovery curves at 50°C o f ACL-1
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Figure 3.33 Extent o f % recovery curves of ACL-1 blends containing HDPE or
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Table 3.8 Summary o f Constant Stress Creep/Creep Recovery Test Results at
100 Pa, 0.25mm, and 50°C
Sample

% Add

ACL-1
ACL-1/HDPE
ACL-1/CPEA
ACL-1/CPEB
ACE-1
ACE-1 /HDPE
ACE-1/CPEA
ACM-3
ACM-3/HDPE
ACM-3/CPEA
ACR-3
ACR-3/HDPE
ACR-3/CPEA

0
3
3
3
0
3
3
0
3
3
0
3
3

Deformation (radians) @
1OOsec
13
7
2
3
2
6
5
26
11
15
21
0.1
0.9

% Recovery
0.2
0.3
3.3
3.0
0.2
1.0
1.2
0.6
8.6
1.8
0.1
-
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Figure 3.34 Variation of total torque with temperature on cooling asphalt binders
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3.4 Summary
The thermal properties of seven Louisiana asphalt samples from four
different sources with grade from ten to thirty and two standard asphalts were
studies by DSC analysis. To reveal the complexity of a given asphalt binder, it is
necessary to anneal each sample before analysis to eliminate the effects of
previous thermal histories. From the fingerprint character o f DSC thermograms
o f asphalt samples, by using the annealing technique combined with DSC
measurements as shown in this research, one may devise a simple method to
identify the source of unknown asphalt, providing that thermograms are available
for asphalts from a wide variety of sources.
The applications of DSC analysis of asphalt/polymer blends can be used
to evaluate the compatibility and interaction between amorphous regions of the
polymer and the asphalt phase. The results show that most o f HDPE crystallinity
remains intact in the blend, but CPEs exhibit more interact with asphalt, which
affects crystallization o f both materials.

It also indicates that CPE in various

asphalt sources shows different interactions between CPE and asphalt.
Environmental scanning electron microscopy can be used to examine
asphalt/polymer
temperatures.

phase

distribution

and

structural

changes

at

different

It shows that dispersed CPE rich phase was larger than the

HDPE rich phase into asphalt blend.

The chlorine content in HDPE plays an

important factor in controlling its compatibility with asphalt.
To study the viscosity-temperature function of asphalt binder, dynamic
shear rheometer provides a view to understand the mechanism of the flow
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process and the relation between the activation energy and composition of
asphalt binders. By combination with DSC, there is an approach to assess the
correlation between the activation energy and the number average molecular
weight o f synthetic polymers, which is based on the utilization o f the heat of
fusion o f asphalt blend from the corresponding DSC thermographs. It was found
that polymer/asphalt blends have lower activation energy of flow than that of the
asphalt matrix. This is due to the fact that the polymer additives can overcome
the elementary flow displacement in asphalt binders.
To conduct binder rheoiogy studies on tank asphalt and polymer/asphalt
blends, standard procedures for studying the physical and engineering properties
o f asphalt binders have been tested and specified the PG grading according to
Superpave protocols. The results show most of polymer/asphalt blends improve
the properties significantly, which include higher viscosity at high temperature,
higher rutting resistance, reducing age hardening for long-term temperature
cracking, and lower creep stiffness at low-temperature cracking response than
those of tank asphalts.
chlorinated

Basically, experiments show that blends containing

HDPE improve rhelogical properties compared to the blends

containing HDPE.

However, some blends containing CPE exhibit the same

visco-elastic property as HDPE, i.e., chlorinated HDPE exhibit good interaction
with the polar fractions of ACL-1, but no marked influences on ACM-3.

The

better overall performance of polymer/asphalt blends can be attributed to the
results of chemistry and mechanics of compatibility, reinforcement, and stability
between polymer and asphalt cement.
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The

constant stress

creep

and

recovery

measurements

provide

Theological data being characteristic on a particular binder under condition
employed. This test gives an indication o f the resistance o f the asphalt binder to
deformation and the recovery percentage gives an indication of the elastic
resilience o f the asphalt binder in the field. These results reflected rubber-like
polymer additives such as CPE could enhance the binder contribution to
permanent deformation resistance.
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CHAPTER 4
ASPHALT BINDERS AND THEIR HOT MIX ASPHALT CONCRETES
4.1 Introduction
Asphalt cement for paving applications has been used for centuries.
However, with ever increasing heavier wheel loads and escalated traffic counts,
the paved roads are distressed much earlier than the pavement design life.
These pavement distresses include permanent deformation, fatigue cracking,
thermal cracking, and stripping, especially in the hot and moist climate o f
Louisiana.
Most of the asphalt research efforts have been directed towards asphalt
cement, in which the binder properties are improved by using polymer modified
asphalt cement (PMAC) in hot mix asphalt concrete (HMAC). Indeed, PMAC's
exhibit

enhanced

pavement

performance

with

decreased

temperature

susceptibility and increased resistance to permanent deformation and loadassociated cracking [Brown et. al. 1990; Button 1992].

On the other hand,

research studies have shown the physicochemical properties of aggregate types,
air void level, and/or by the use of mineral fillers are important factors in
controlling the susceptibility of asphalt pavement to failure. To understand the
characteristics of the individual material that make up HMAC and how they
behave together as an asphalt mixture, the SHRP asphalt research developed a
set o f protocols.

The test methods and optimum specifications represent an

improved, performance-based system for specifying asphalt binders and mineral
aggregates, performing asphalt mixture design, and analyzing
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pavement

performance

[Superpave

1997].

This

system

includes

asphalt

binder

specification, a series of aggregate tests and specifications, HMAC design and
analysis system, and computer software to integrate the system.

Asphalt

cements meeting the specifications are designated superior performing asphalt
pavements (Superpave). Through Superpave implementation, many agencies
are

being

standardized

to

examine

on-going

asphalt pavement design

procedures and incorporate various test equipment, test methods, and design
criteria to evaluate the material properties related to the basic modes o f
pavement distress.
According to the Superpave implementation, rheology measurements
such as rotational viscometry and DSR are used predict rutting and fatigue
cracking. BBR is employed to predict low temperature cracking. The results o f
these measurements were presented in Chapter 3 in the assignment o f PG
grading. This chapter describes the results of a laboratory study of the potential
use o f chlorinated polyethylene (CPE) as a modifier in asphalt concrete mixes.
The study used a dense graded mix composed of crushed gravel, coarse sand,
and fine sand to meet the 1992 LADOTD specification criteria fo ra Type 3 binder
course mix.

Two types of asphalt cement, conventional ACL-2 and CPE

modified ACL-2, were considered as experimental asphalt binders. The binders
were incorporated in low volume dense graded HMAC mix.

A complete

Superpave PG binder characterization was conducted and the engineering
properties of the two asphalt cements were evaluated.
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4.2 Experimental Section
4.2.1 Material
Two types of asphalt cements were used in this study: a conventional
viscosity graded ACL-2 and CPE modified ACL-2.

The modified asphalt was

prepared by adding three weight percent of CPE to the ACL-2 binder.

The

results of ACL-2 and CPE modified ACL-2 were characterized by SHRP standard
procedures to determine binder rheologic properties.

Table 4.1 presents the

binder properties along the Superpave PG grading.
Since mix design is not part of this project, plant-mixed materials were
used to fabricate samples for testing. The HMAC mix was dense graded crushed
gravel, coarse, and fine sands to meet the 1992 Louisiana Department of
Transportation and Development (LADOTD) specification criteria for a Type 3
Binder Course (BC) [Louisiana Standard Specifications 1992]. The aggregate
source, which was obtained from ACME Gravel, Baywood, Louisiana, was
selected from an actual job mix formula (JMF).

Table 4.2 and Figure 4.1

presents the job mix formula that groups the aggregate gradations of mixtures
with 12.5 mm nominal maximum aggregate size for the two mixtures uses in the
study. A dense graded mixture design typical o f those used on Louisiana low
volume roads was used in this research. The mix proportions include 75 percent
crushed gravel, 10 percent coarse sand, and 15 percent fine sand. The optimum
binder content selected at 4 percent air void was determined from standard
Marshall mix design.

The asphalt contents are also presented in Table 4.2.

Specimens were prepared using 75 blows per face of the Marshall hammer.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Each Cylindrical specimen was 101.6 mm (4 inch) in diameter and about 63.5
mm (2.5 inch) high. The target air void level was 4 percent (± 0.5%). At the
target air void level, samples were statistically grouped to have similar mean air
void levels. A triplicate was used for each test and mixture type. The following
convention is used to designate the two mixes and their air voids for various
tests: A20 - Mixture containing ACL-2 asphalt, C20 - Mixture containing CPEmodified ACL-2 asphalt.
Table 4.1 Superpave Binder Specification Test Results
Test

Property

Flash Point
Rotational
Viscosity (Pa*s)
Dynamic Shear
Rheometry (kPa)

n/a

-

-

135°C

0.3

0.8

2.7

3.2

Mass Loss (%)
Dynamic Shear
Rheometry (kPa)

G*/sin 8
64°C
70°C
n/a
G*/sin 8
64°C
70°C

Test Results
ACL-2
CPE Modified ACL-2
Original Binder

1.2
1.5
TFOT Aged Binder
< 1.0
<1.0
4.2

5.4

1.8

2.6

SHRP Criteria

230°C
3 Pa s max
1.0 kPa min

1% max
2.20 kPa min

PAV Aged Binder
Dynamic Shear
Rheometry (kPa)

G*sin 8
& 25°C
G*sin 8
&28°C

Bending Beam
Stiffness
Rheometry (-12°C)
Bending Beam
M value
Rheometry (-12°C)
PG Grading

2660

2245
5000 kPa max

1740

1464

170

127

300 MPa max

0.32

0.33

0.300 min

64-22

70-22
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Table 4.2 Job Mix Formula o f Mixtures Evaluated
LADOTD
Specification

Sieve Size
mm, (inch)

CPE Modified
ACL-2 Mix

ACL-2 Mix

Percent Passing
12.5 (1/2“)
70-100
97%
60-95
9.5 (3/8“)
85%
4.75 (No.4)
40-70
58%
2.0 (No.10)
28-50
38%
0.425 (No.40)
14-30
31%
0.180 (No.80)
8.0-20
16%
0.075 (No. 200)
3.0-8.0
11%
Mixture Components
Mixture Types
%AC
5.4
%Air Voids
3.0-5.0
4.4
%VFA
70-80
74
%VMA, Min.
14.0
16.6
Note: VFA: Voids filled with asphalt
VMA: Volume of voids in mineral aggregate

97%
85%
58%
38%
31%
16%
11%
5.4
3.9
73
16.7

100

90

80

70

O
c)

60

CO
CO
CO

Q.

50

o
p
40

30

20
10
0
JJ75

(200 )

.3 0 0
(5 0 )

.6 0 0
(3 0 )

1 .1 8
(1 6 )

♦ .75

Z36

(*)

(8)

95
<3*)

12.5

(1/2)

18.0
(3A )

Sieve Sizes

Figure 4.1 Asphalt concrete gradations of mixtures with 12.5 mm (0.50 inch)
Nominal Maximum Size - 0.45 power curve with restricted zone and control
points
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mm
(inches)

4.2.2 Facilities
The specimens were prepared in LTRC Asphalt Laboratory using a
standard Marshall Hammer and a Corps of Engineer Gyratory Testing Machine
(GTM).

The GTM, Model 8A/6B/4C/1, was manufactured by the Engineering

Developments Company, Inc. of Vicksburg, MS. It is a machine that can be used
for compaction as well as plane strain and simple shear testing o f soils, base
course materials and asphaltic concrete paving mixtures. The GTM produces
specimens using a kneading compaction process that is believed to have stress
strain properties that are more representatives of field compaction conditions.
The engineering testing was performed in the LTRC Engineering Materials
Characterization and Research Facility (EMCRF) by using the Material Test
System 810 (MTS 810) closed-loop controlled servo-hydraulic test apparatus
(Figure 4.2). This system is equipped with an environmental chamber, and the
machine itself is rated for 244640 N (55000 pounds) (Figure 4.3). The current
control electronics include three DC transducer signal conditioners (load,
extensometer, strain gage) and one AC transducer signal conditioner. Its stateof-the-art digital controller, which is operated under Microsoft Windows NT and
MTS Teststar software, conducts the data acquisition and equipment control.
The closed-loop consists o f a computer and a digital controller acting as the
controlling unit over a servovalve, a hydraulic actuator, and the test specimen.
The initial loading signal is sent from the digital controller to the servovalve that
applied hydraulic pressure on the specimen, from which the linear variable
differential transducers (LVDTs) or the force sensor returns the feedback signal

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

to the controller. The digital controller compares this feedback signal with the
control signal and does adjustments if necessary. The loop is thereby closed.
The load applied during the tests was measured with the MTS Model 661
load cell.

Vertical deformations of the specimen were measured using two

LVDTs. The two LVDTs are mounted 180 degrees apart on the piston-guided
plate.

These LVDTs were manufactured by Schaeviz (model GCD-121-050).

The horizontal deformations were being measured with the help o f a modified
strain gauge clip-on extensometer system developed by the MTS System Co.

If the control
signal is
commanding a
given force
(sometimes
referred to as
“in force
control”), the
feedback signal
is from the
force sensor.

If the control
signal is
commanding a
given
displacement,
the feedback
signal is from
the LVDT.

n S£D L q c

n .

a

T
Digital Con trod«r

Load Pram *

irar

B

tr>

IT
Control Signal

H y d r a u lic A c tu a to r

H y d ra u lic P re s s u r*

Figure 4.2 Material Test System 810 (MTS 810) closed-loop controlled servohydraulic test system [MTS Systems, User’s Manual]
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Figure 4.3 MTS with environmental chamber and testing head for indirect tensile
testing mode
The specimens were tested at different temperatures that were conducted
inside the environmental chamber.

The chamber was manufactured by

Thermotron industries. This chamber has the inside dimensions of 14-inch depth
x 14-inch width x 22-inch height. In this chamber test temperatures ranging from
—180°C (-356°F) up to 425°C (797°F) can be applied.

The 409.80 MTS

“Temperature Controller” is a microprocessor-based controller that provides
temperature control inside the chamber during heat applications.
4.2.3 Fundamental Mixture Tests
Five fundamental tests were conducted to characterize the two mixtures
and determine the effects of the CPE binder modification on the properties of
HMACs, Table 4.3.

The fundamental tests were conducted using a fully
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automated MTS servo-hydraulic test system. A brief description of each test is
given below.
Table 4.3 Fundamental Engineering Test Methods
Mechanical Test
Indirect Tensile Strength and Strain Test
Indirect Tensile Resilient Modulus Test
Indirect Tensile Creep Test
Axial Creep Test
Indirect Tensile Fatigue Test

Engineering Properties
Tensile strength and strain
Resilient modulus (stiffness)
Creep stiffness modulus, time to failure
Permanent deformation characteristic
Fatigue slope and cycles to failure

4.2.3.1 Indirect Tensile Strength and Strain Test
This test was conducted at 25°C (77°F) according to AASHTO T 245-82.
Test specimens were loaded to failure at a deformation rate of 50.8 mm/minute
(2 inch/minute). The load to failure, the horizontal and vertical deformations were
monitored and recorded.

Figure 4.4 shows a typical relationship between

compressive load and deformation. This test is a relative measure of the tensile
properties of the mix that can be related to the fatigue endurance characteristics.
The indirect tensile strength, St, was calculated as follows:

S r= ^ i
^

(4.1)

Where,
Sy

= Indirect tensile strength, MPa (or psi),

P u lt

= Ultimate applied load to failure, N (or Ibf),

t

= Thickness of specimen, mm (or inch), and

D

= Diameter of specimen, mm (or inch)
The indirect tensile strength was reported together with th e load to failure

and the percent tensile strain, TS, which was calculated as follows:
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TS = 0 .5 2 * H * 100

(4.2)

Where
TS

=

Percent tensile strain, and

H

=

Horizontal deformation at failure, mm.
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Figure 4.4 Typical compressive load vs. deformation for the indirect tensile
strength and strain test [Mohammad et. al. 1994]
Toughness

index

(Tl),

a

parameter

describing

the

toughening

characteristics in the post-peak region, was also calculated from indirect tensile
test results [Sobhan et. al. 1999].

Figure 4.5 presents a typical normalized

indirect tensile stress and strain curve.

A dimensionless indirect tensile

toughness index, Tl is defined as follows:
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Where,
Tl

= Toughness index,

As

= Area under the normalized stress-strain curve up to strain e,

sp

= Strain corresponding to the peak stress, and

Ap

= Area under the normalized stress-strain curve up to strain sp.
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Figure 4.5 Typical normalized indirect tensile stress and strain curve
4.2.3.2 Indirect Tensile Resilient Modulus Test
The testing temperatures used for this test were 5°C (40°F), 25°C (77°F)
and 40°C (104°F), and the tests were conducted according to the modified
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ASTM D 4123 with the following modification [Mohammad and Paul 1992]
[Mohammad and Paul 1993]:
1.

Test samples were seated with a sustained load of 89 N (20 Ibf) and then
a cyclic haversine load o f 15%, 10%, and 5% of the average indirect
tensile strength (St) at 25°C was applied to the specimens at 5°C, 25°C,
and 40°C, respectively.

The two vertical deformations were monitored

independently. Further adjustment to the load device was need if the two
measurements exceeded the tolerance level of 10 percent. The average
of the two vertical deformations was used in the data analysis, Figure 4.6.
2.

With the pre-load applied to the sample, the specimen was conditioned by
continuous monitoring the deformation until the deformation rate was
essentially constant.

The conditioning was the stopped and the

transducer was rezeroed.
3.

As described in step 1, a haversine waveform load was applied on a
repetitive basis with a load frequency of two cycles/sec with a 0.1 second
loading time and a 0.4 second relaxation period, Figure 4.7.

4.

The total resilient moduli was computed as follows:
a. The response curves o f load, vertical deformation, and horizontal
deformation over the two cycles (step 3) were digitized. The data from
these curves were the scanned to determine the instantaneous and
total recoverable horizontal and vertical deformation. The data at the
beginning o f the relaxation period were used to compute the
instantaneous properties, whereas the data at the end of the relaxation
period were used to compute the total properties as follows:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

P C /^ + 0 ^ 7 )
RT

t f f lT

srrr

l i T = 3.59——^ —0.27

r

, „
(4-5)

£J/r

Where,
M rt

= total resilient modulus, MPa (or psi)

fjr

= total Poisson’s ratio,

P

= repeated load, N (or Ibf),

t

= thickness o f specimen, mm (or inch),

AHt

= total recoverable horizontal deformation, mm (or inch),

AVt

= total recoverable vertical deformation, mm, (or inch).

a. Both the average resilient modulus,

M r,

and the average Poisson’s

ratio (for both instantaneous and total) were calculated as:
4
5 ^ R ( i)
(4-6)

M

4
J^%
4

(4.7)

Following step l through 4, each specimen was tested at each of the three
temperatures starting with the lowest temperature to minimize permanent
damage to the sample. The individual specimen was tested in its initial position,
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and then the sample was rotated approximately 45 degrees to repeat from ste p l
through step 4.
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Figure 4.6 Typical vertical deformation vs. time diagram for the indirect tensile
resilient modulus test [Mohammad et. al. 1994]
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Figure 4.7 Typical load vs. time diagram for the indirect tensile resilient modulus
test
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4.2.3.3 Indirect Tensile Creep Test
To evaluate the rutting potential o f asphaltic concrete mixtures, this test
was conducted by using the creep slope and the time to failure characteristics.
The creep test was conducted using a ramp load 1112 N (250 Ibf) at 40°C
(104°F) applied as quickly as possible using the stress-control mode of the MTS
servo-hydraulic system

(Figure 4.8).

The load, vertical,

and

horizontal

deformation were recorded continuously with the data acquisition. The test was
terminated either after 60 minutes of load duration or until sample failure
[Mohammad et. al. 1994], Figure 4.9 presents a typical creep deformation-time
relationship.
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5 0 0 0 .0 0
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Figure 4.8 Typical load vs. time diagram for the indirect tensile creep test
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Figure 4.9 Typical creep deformation vs. time relation
The creep modulus C(t) was computed as follows:

.

C (0 =

(-3 .5 9 ) *P o

-------- - -----T * A V (t)

(4.8)

K

J

Where,
C(t)

= creep modulus (stiffness) at time t, MPa (or psi),

Po

= applied vertical load, N (or Ibf),

T

= specimen thickness, mm (or inch), and

AV (t) = vertical deformation at time t, mm (or inch).
In order to obtain the creep modulus, C(t), the log of the creep modulus
was plotted against the log of the time to sample failure, Figure 4.10. From this
plot, the creep slope of the calculated indirect tensile creep modulus and the time
to failure were obtained and later used in the statistical analysis.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1000000.00 —

■Q</}
S
m
J3
3
TJ
o
2
a.
<
u
<U
o
•ft

100000.00 —
I

Creep Slope = 0.27

->

1 0 0 0 0 .0 0 —

IT Creep Test
!og(C(t)) = -0.27 * log(t) + 11.3251
C oef of determination, R-squared = 0.9913

1000.00 ---------1 I mTTTj
0.10

l I l I l I III

1.00

10.00

I— I TTTTTTJ

1 i i i I ! 11j

100.00

1000.00

1 1 ! i I I ilj
10000.00

Log of time, (t), seconds
Figure 4.10 Typical plot for indirect tensile creep data
4.2.3.4 Axial Creep Test
The axial creep test is used in the determination of creep characteristics in
axial unconfined compression mode. The test was conducted at a temperature
of 40 °C (104 °F) according to the Test Method Tex-231-F [Test Method Tex23 1-F 1993] as follows:
1.

The test was started by conditioning the specimen with three cycles o f a
556 N (125 Ibf) load for one minute intervals followed by a one minute
relaxation period for each cycle.
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2.

After the conditioning cycle, a static load of 556 N (125 Ibf) was applied to
the specimen for 60 minutes.

A t the end o f this time the load was

removed and the specimen was given a relaxation period for 10 minutes.
Figure 4.11 shows a typical relationship between compressive load and
deformation.
3.

The load and vertical deformation o f the specimen were monitored and
recorded.

The average deformation values from the two LVDTs were

converted to strain with the following formula:

Where,
s

= strain,

AL

= axial (vertical) deformation, mm (or inch), and

L

= specimen height, mm (or inch).

4.

The creep curve, which consisted of the strain versus time diagram
(Figure 4.12), was plotted to obtain total strain, permanent strain, and
slope of the steady-state portion of the creep curve.

5.

The creep stiffness was computed as follows:

r.

O'

P_
A
L

Where,
E

= creep stiffness, MPa (or psi)
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cr

= applied stress, MPa (or psi)

e

= total strain, mm/mm (or in/in)

P

= applied load, N (or Ibf)

A

= cross-sectional area perpendicular to applied load, mm2 (or in2)

AL

= vertical deformation, mm (or in), and

L

= specimen height, mm (or in)
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Figure 4.11 Typical load vs. time diagram for the axial creep test
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Figure 4.12 Typical strain vs. time diagram fo r the axial creep test
4.2.3.5 Indirect Tensile Fatigue Test
To determine the fatigue resistance o f the asphalt concrete samples, this
test was conducted at 25°C (77°F). A haversine type cyclic load with a peak
value corresponding to 10% of the ITS was applied. This load was applied on a
repetitive basis with a load frequency of 2 cycles/sec with a 0.1 second loading
time and a 0.4 second relaxation period.

T h e horizontal deformations were

monitored through the duration of the test and the test was terminated when the
total horizontal deformation reached 2.54 mm (0.1 inch) [Kim and Lee. 1992], In
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order to obtain the fatigue slope and the number o f cycles to failure, the log of the
permanent horizontal deformation was plotted against the log of the number of
cycles to sample failure, Figure 4.13.
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Figure 4.13 Typical plot of indirect tensile fatigue data
4.2.4 Data Analysis
The results of these tests were statistically analyzed using the analysis of
variance (ANOVA) procedure provided in the Statistical Analysis System (SAS)
program from SAS Institute, Inc.

A multiple comparison procedure with a risk

level o f 5 percent was performed on the means.

The tables for the grouping

present the mean for the test results reported by mixture type. The group rows
contain the results o f the statistical grouping reported with the letters A , B , C , and
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D. The letter A was assigned to the highest mean followed by the other letters in
appropriate order.
4.3 Results and Discussion
4.3.1 Binder Rheology
The ACL-2 and CPE modified ACL-2 samples were subjected to standard
short-term and long-term aging procedures and characterized according to the
Superpave PG protocol. The short-term specification requires that the viscosity
o f asphalt binders at 135°C to less than 3 Pa*s in order to ensure that the
binders can be adequately pumped and mixed with aggregate.

Figure 4.14

presents the viscosity of original, TFOT, and PAV aged binders.

The original

binders, both ACL-2 and CPE modified ACL-2 had a viscosity value lower than
the 3 Pa»s specified by Superpave PG binder specifications. The CPE modified
ACL-2 exhibited higher viscosity than the ACL-2. It is interesting to note that this
trend was same for both TFOT and PAV aged materials. Even the viscosity of
binders subjected to long-term (PAV) aging remained below 3 Pa»s so one
would not expect major problems with age hardening with these mixes. The ratio
o f viscosity increase upon aging, PAV/Original, for ACL-2 and CPE modified
ACL-2 was much less for the polymer modified binder; i.e. 3.1 and 2.2
respectively. This observation suggests that the polymer additive protects the
asphalt matrix from age hardening in this case.
The DSR method was used to measure the linear viscoelastic moduli of
asphalt binders under oscillating conditions that are similar to that o f traffic
loading.

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ORIGINAL

TFOT

PAV

Figure 4.14 Influence of an A: ACL-2 and B: CPE modified ACL-2 on viscosity of
Original, TFOT, and PAV aged binders at 135°C. The dotted line is set at
Superpave PG qualifying value of 3 Pa»s for unaged asphalts
All isochronal sinS curves of blends with CPE (stress = 1 0 0 Pa, frequency = 1.5
Hz) as illustrated in Figure 4.15 approached unity at higher temperatures as the
viscoelastic fluids begun to flow. A sin8 of unity confirms that the flow of ACL-2 is
Newtonian at temperatures equal to or greater than 64°C. However, the sin8 of
the CPE blend curves is substantially less than one at 64°C. This indicates that
CPE modified ACL-2 are not Newtonian even at high temperatures. Clearly the
polymer additive is contributing to the visco-elastic properties in the CPE
modified ACL-2 binders over a wide temperature range. One would expect this
interaction to improve high temperature pavement performance. As expected,
the deviation from Newtonian flow increases as the binder is aged.
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Figure 4.15 Variation of sin5 with temperature for A: ACL-2 and B: CPE modified
ACL-2. Dotted lines are set at sin5 = 1.0, T= 64°C, and 70°C, respectively
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Figure 4.16 Comparison between rutting factors of A: ACL-2 and B: CPE
modified ACL-2. Dotted lines are set at Superpave PG qualifying values of 1.0
kPa, 2.2 kPa, and 64°C, and 70°C, respectively
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Figure 4.17 Comparison between fatigue cracking factor of A: ACL-2 and B: CPE
modified ACL-2. Dotted lines are set for Superpave PG qualifying value of 5000
kPa at 25°C
In Superpave PG asphalt specifications, the stiffness parameter, G7sinS,
was selected to express the contribution o f the asphalt binders to permanent
deformations. GVsinS value should be larger than 1.0 kPa @ 1 0 rad/s for the
original binder, and 2.2 kPa after TFOT aging at the reference temperature.
Higher values of the parameter ratio are expected to result in a higher resistance
to permanent deformation. Isochronal plots of G*/sin5 for materials investigated
revealed distinct differences due to the modifier’s ability to mix with asphalt
(Figure 4.16). Both the unmodified and modified asphalt are qualified either in
original or after short-term condition according to SHRP specification of the
stiffness parameter at 64°C. The slopes o f the plots for original binders were 0.68 and -0.61 for ACL-2 and CPE modified ACL-2 respectively. Thus, the CPE
modified ACL-2 is less temperature sensitive.

Only the CPE modified ACL-2

meets the Superpave PG specification at 70°C after short-term aging.
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In order to evaluate the fatigue cracking o f aged asphalt binders, the
Superpave PG specifications require determination o f the product o f G*sin5 (or
G”), which is represented as fatigue cracking factor. A maximum limit of 5000
kPa at average service temperature is set. The ability to dissipate or relax the
stress is a desirable binder character in resisting fatigue cracking and low
temperature creep.

An inspection of Figure 4.17 shows that there is no

significant difference between ACL-2 and CPE modified ACL-2 in the PAV stage.
It is thus of interest to investigate the effects o f frequency sweep and
different temperatures on asphalt binders.

Figure 4.18 shows that the G*/sin5

values of two types of asphalt binders increase with frequencies but decrease
with enhancing the temperatures.

Note there is little difference between the

G*/sin8 vs. frequency plots for ACL-2 and CPE modified ACL-2.

However, at

40°C, the values for G*/sin8 o f ACL-2 begin to exceed those of the CPE modified
binder.

The ACL-2 is behaving as a stiffer mix at high frequencies.

The

presence of CPE in the binder allows the matrix to respond to deformations and
thus should favor low temperature cracking resistance.
On the other hand, the effects o f stress sweep on ACL-2 and CPE
modified ACL-2 at different temperatures as illustrated in Figure 4.19. There is
no relationship between the G*/sin8 value and stress on both two asphalt binders
at temperatures higher than 25°C.

However, the values of G*/sinS of ACL-2

begin to exceed those of the CPE modified binder at 40°C during the stress
sweep.

This indicates that the effect o f CPE in asphalt cement for rutting

resistance is not significantly different from asphalt matrix when it is subjected to
various stresses.

The curves are displaced as the material softens so the

magnitude of G*/sin8 decreases with temperature.

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

i 1111 n|

CO

CL

C
O
C

■

'<n

o -B @ 2 5 ° C

*

O

•

A@ 25°C

A @ « fc

O— B@4CfC
a

A @ K fC

-i-B @6rfC
l|

I I I I I IITJ 1 1 I 117

1

ior’

10

Frequency, Hz
Figure 4.18 Comparison between G*/sin8 vs. frequency at 25°C, 40°C, and 60°C
A, ACL-2; B, CPE modified ACL-2

100

300

200

400

500

1Cf-

10P

105-

10s

ro

CL

FrecfjBncy=1.5i-k •

*
o
10*-

1Cf*

100

300

200

400

500

Stress, Pa
Figure 4.19 Comparison between G*/sinS vs. stress at 25°C, 40°C, and 60°C
when frequency = 1.5 Hz; A, ACL-2; B, CPE modified ACL-2

123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The creep stiffness and creep rate can be calculated using the beam
theory. According to Superpave protocol, the stiffness S(t) and creep rate o f the
binder under load m are reported at specification temperature after a 60 seconds
loading, which simulates stiffness after two hours at 10°C lower temperature. The
data were collected at -12°C, Superpave PG specifications recommend S (t=60)
< 300 MPa and m-value (slope) > 0.3 as limits for this test.

From the data in

Figure 4.20, it appears that the creep stiffness o f PAV aged o f CPE modified
ACL-2 is somewhat lower than that o f the PAV aged ACL-2 asphalt. Thus it is
expected to exhibit higher resistance to crack at low temperature. All of these
asphalt binders met the S(t) and m-value performance criteria fo r Superpave PG
specification.

Smax @ - 1 2 C

m-value @ -12 C
3.0-■

S=1.7
1.5 £5

S=1.27

m=0.32

m=0.33

Smax and m-value at 60 sec

m=0.3

SHRP irk™

Figure 4.20 Creep stiffness and creep rate of PAV aged A: ACL-2 and B: CPE
modified ACL-2. Dotted lines are set at Superpave PG qualifying values of 300
MPa, m = 0.3
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In a typical dynamic mechanical analysis (DMA), the tanS (tanS = E"/E\
where E" and E' are the loss modulus and the storage modulus, respectively, in
the relation giving the complex modulus of elasticity E*. viz., E* = E' + iE") for
films of ACL-2 and CPE modified ACL-2 is plotted in Figure 4.21. The plot for
ACL-2 exhibits definite peaks associated with the glass transition (Tg) o f asphalt
components at temperatures between -10°C and -30°C. These peaks were
practically eliminated by blending the asphalt with 3% CPE, suggesting a
plasticizing effect of the polymer, or in other words, a depression of the Tg
domain to lower temperatures.

These results are well correlated with the

bending beam rheometer data for the same temperature domain, which indicated
a lower stiffness (S) and a corresponding slightly higher creep rate (m) fo r CPE
modified ACL-2, as compared to ACL-2, Figure 4.20.
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Figure 4.21 Comparison between tan8 at lower temperatures fo r A: ACL-2 and B:
CPE modified ACL-2 samples
The creep and recovery measurements provide rheological data that are
characteristic of a particular binder under the conditions employed. Thus, this
method allows one to simulate the response o f road covering materials when
they are subjected to temporary loads. The constant stress creep/creep recovery
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test (Figure 4.22) illustrates a significant difference between the deformation of
CPE modified ACL-2 and ACL-2. This observation might be an indication of their
rutting resistance, i.e., the lower the deformation, the better the binder response
to rutting, which is related to the composition of the asphalt binder.
The creep testing provides an indication o f the resistance of the asphalt
binder to deformation and the recovery percentage presents an indication of the
elastic resilience of the asphalt binder. The CPE modified ACL-2 exhibits much
more pronounced resistance to creep than ACL-2 at 50°C. Therefore, it would
be expected to yield better asphalt cement with higher stiffness that can be
imparted by the binder.

Elastic creep recovery o f asphalt samples can be

observed in Figure 4.23 after the stress was removed. As expected, the CPE
modified ACL-2 did not creep significantly and exhibited higher creep recovery
than ACL-2 due to the presence of the more elastic filler. On the other hand, the
ACL-2 sample was subject to extensive creep and did not display any recovery
under these conditions.
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Figure 4.22 Constant stress creep/creep recovery curves of A: ACL-2 and B:
CPE modified ACL-2 at 50°C
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4.3.2 Mixture Characterization Tests
4.3.2.1 Indirect Tensile Strength and Strain Test Results
The influence of CPE-modified asphalt on the indirect tensile strength and
strain of the studied asphaltic concrete mixtures at 25°C is presented in Figure
4.24.

Desirable HMAC mix properties are a high tensile strength and a high

tensile strain at failure for stiff mixtures, though there are no specific limits
defined for these engineering properties. It appears the indirect tensile strength
of C20 mix is significantly higher than the A20 mix at 25°C; however, the indirect
tensile strain at failure of the C20 mix is not significantly different than the A20
mix. It is interesting to note that the increase in the ITS o f the C20 mix did not
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show any significant decrease in the corresponding tensile strain.

This

observation is supported by the value of G*sin8, Figure 4.17. Table 4.4 shows
the mean ITS, strain, and toughness index along with their standard deviation
and coefficient of variation.
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Figure 4.24 Indirect tensile strength and strain test results at 25°C
Table 4.4 Statistical Grouping o f Indirect Tensile Strength, Strain Test, and
Toughness Index Results
Property
Mix Type
Mean
STD
CV%
Group

ITS, kPa
A20
C20
1601
1863
80
66
5.0
3.5
B

Strain %
A20
C20
0.77
0.73
0.05
0.13
6.5
17.0

A

A

Tl
A20
0.562
0.018
3.2

C20
0.399
0.024
5.9

A

B

A

The toughness index value calculated this way compared the performance of a
specimen with that of an elastic perfectly plastic reference material, where the Tl
remains a constant o f 1.

For an ideal brittle material with no post-peak load

carrying capacity, the value of Tl equals zero. Also from the fatigue standpoint,
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the ideal HMAC should have higher ITS and higher Tl for the stiff-plastic material
to resist the fatigue cracking at room temperature. The statistical results in Table
4.4 indicated that the addition of CPE not only significantly increased tensile
strength but also significantly decreased Tl for C20 at 25°C. In Tl calculation, Tl
is related to the area of Ae-Ap after normalized the ITS.

Thus, Tl is more

sensitive to the tensile strain than the tensile strength. It seems the area o f A e-Ap
for A20 mix is significantly higher than the C20 mix at 25°C, so that the A20 mix
had the higher Tl value than C20 mix. Based on these results, C20 mix is more
stiff material than A20 mix, but it exhibits less plastic flow properties than A20 mix
in HMAC mix at 25°C.
4.3.2.2 Indirect Tensile Resilient Modulus Test Results
Mean values, standard deviations and coefficients of variation along with
their statistical grouping are compiled in Table 4.5 for total resilient modulus tests
results at three temperatures, 5°C, 25°C, and 40°C. A high resilient modulus for
a HMAC is desirable to achieve a better resistance to permanent deformation at
high service temperatures. On the other hand, a high strain tolerance is desired
to resist cracking caused by load stress and thermal stresses within the HMAC at
low temperatures.

As expected, the resilient modulus values decreased with

increasing test temperatures for both mixes, because HMACs are known to be
stiffer at low temperature. However, CPE modified mixes exhibited significantly
higher resilient modulus than the corresponding mixes with ACL-2 at each test
temperatures.

It is interesting to note that the CPE modified mixes possessed

significantly higher resilient modulus values than the ACL-2 mixes at low
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temperatures.

Also, the high temperature behavior can be supported by the

higher elastic recovery characteristics of the CPE modified ACL-2, Figure 4.23.
These results are consistent with the corresponding binder rheology, Figure 4.16.
On the other hand, one can evaluate the temperature susceptibility of the
asphaltic concrete mixes from the slope of linear regression of resilient modulus
at different temperatures.

In this test a low slope o f linear regression value is

desirable properties that the material is less susceptible to temperature change.
Figure 4.25 shows that the CPE modified mix has the higher slope value in this
test.

This indicates that CPE modified mix is considered somewhat more

temperature susceptible to the ACL-2 mixes from 5°C to 40°C. Therefore, CPE
modified mixes should favor low temperature cracking resistance and exhibit
better elastic properties to resist high temperature deformation while the mixes
show to be more sensitive to temperature change in this test.

Linear Regression
A20:SIope=-1767
C20:Slope =-1773
4172 IVPa
2451 wPa

1910 IVPa
40PC

A20

C20

P2Q

C20

P2Q

C20

Figure 4.25 Comparison between resilient modulus of A20 and C20 Mixes at
5°C, 25°C, and 40°C
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Table 4.5 Statistical Grouping of Indirect Tensile Resilient Modulus Test Results
Mix type
TEMP(°C) MEAN
Resilience
Modulus
(MPa)

A20
C20
STD CV% Group MEAN STD CV% Group

5

5444

452

8.3

B

5998

657

10.9

A

25

3455

205

5.9

B

4172

259

6.2

A

40

1910

102

5.3

B

2451

118

4.8

A

4.3.2.3 Indirect Tensile Creep Test Results
The results of the G*/sin8, indirect tensile creep slope, and time to failure
at 0.1 inch for two mixes are presented in Figure 4.26 and Table 4.6. This test is
conducted to evaluate the rutting susceptibility o f the asphaltic concrete mixes; a
low creep slope value and long times to failure are desirable properties.
The mixture containing the CPE modified binder had a lower creep slope
than that of the mixture containing ACL-2, however the decrease was not
significant. The times to failure of CPE modified mixes was significantly higher
than those with ACL-2 binders.

In general, the addition of CPE to ACL-2

improved the mixture's resistance to rutting. A lower value of G*/sin5 for CPE
modified ACL-2 might be misleading in terms o f the rutting resistance in this
case, if one does not consider also the variation of the phase angle with
temperature, Figure 4.16. A lower phase angle indicates a binder with higher
elastic

component,

thus

an increased

resistance to

mixture

deformation as observed by this test.
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Table 4.6 Statistical Grouping of Indirect Tensile Creep Test Results a t4 0°C
Property
Mix Type
Mean
STD
CV%
Group

Creep Slope (kPa/sec)
A20
C20
0.53
0.47
0.03
0.04
6.0
8.5
A

A

Time to Failure (sec)
A20
C20
89
1047
19
322
21.6
30.7
B

A

4.3.2.4 Axial Creep Test Results
The evaluation of axial creep test based on the creep stiffness creep,
slope, permanent strain, and total strain of the mixes at 40°C is given in Table
4.7.

The desirable properties of a given HMAC are high creep stiffness, low

creep slope, and low permanent strain.

This test was taken from the Texas

specification * as an aid to study asphalt paving mixtures. These values are
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1) minimum creep stiffness = 41.4 MPa or (6000 psi)
2) maximum creep slope = 3.5x1 O'8 (mm/mm/sec) or (inch/inch/sec), and
3) maximum permanent strain = 5x10^ mm/mm or (inch/inch)
Figure 4.27 and 4.28 contain a comparison to the Texas specification for the
creep stiffness, slope, and permanent strain. It can be seen that all two mixtures
meet the Texas specification for the creep stiffness o f 41.4 MPa, but fail the
requirements o f a 3.5x10"8 mm/mm/sec maximum creep slope and 5x10"4
mm/mm maximum permanent strain. Under the Texas specification, both of two
mixtures would have not been acceptable. Table 4.7 shows that A20 mix has the
higher creep stiffness, lower creep slope, higher permanent, and higher total
strain than C20 mix. These results may be due to the fact that the axial creep
test is applied to predict rutting resistance. As confirmed by DSR measurements
for the rutting factor in Figure 4.15, asphalt blends containing CPE exhibited
lower G*/sinS than unmodified ACL-2 at 40°C; i.e., it leads to reduced
performance of binder-aggregate combination as well in axial creep test. The
results of the axial creep test indicate that, although there is no significant
difference between the A20 and the C20 mixes, the addition of CPE in HMAC did
not make any significant improvement in this test at 40°C.
Table 4.7 Statistical Grouping of Axial Creep Test Results at40°C
Property
Mix type
Mean
STD
CV%
Group

Creep Stiffness
(MPa)
C20
A20
56.6
46.0
8.6
6.9
15.2
14.9
A

A

Creep
(10"8),
A20
10.94
0.95
8.7

Slope
1/sec
C20
17.53
3.61
20.6

A

A

Permanent
Strain (10^)
C20
A20
8.95
6.13
1.97
0.77
22.1
12.6
A

A
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Total Strain
(10-3)
A20
C20
1.24
1.52
0.19
0.23
15.1
15.5
A

A

Slope 17.53

Creep Stiffness

56.6
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Figure 4.27 Comparison between creep stiffness and creep slope of A20 and
C20 Mixes at 40°C
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Figure 4.28 Comparison between permanent strain and total strain of A20 and
C20 Mixes at 40°C
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4.3.2.5 Indirect Tensile Fatigue Test Results
Table 4.8 and Figure 4.29 present a summary of the mixture fatigue test
results and corresponding binder rheology (G*sin5). This test is conducted to
evaluate mixtures fatigue resistance. The properties obtained from this test are
the number o f cycle times to failure at 0.1 inch, Nf, and the fatigue slope. Fatigue
slope is defined as the rate of change in the permanent deformation with
increased number of cycles. Desirable properties for a high fatigue endurance
mix are low fatigue slope value and high number of cycles to failure for an
asphaltic concrete mixture. The addition of CPE to ACL-2 has improved fatigue
slope and significantly increased the number o f cycles to failure (Table 4.8),
which correlates to the binder rheology, G*sin5, Figure 4.17.
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Figure 4.29 Comparison between fatigue factors of asphalt binders and of their
HMAC at 25°C

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 4.8 Statistical Grouping of Indirect Tensile Fatigue Test Results at 25°C
Property
Mix Type
Mean
STD
CV%
Group

Fatigue Slope (Power Fit),
mm/cycle
A20
C20
17.78
16.76
1.55
0.92
8.7
5.5
A

A

Number of Cycles to Failure
A20
51130
19854
38.8

C20
225513
34646
15.4

B

A

4.4 Summary
A laboratory study was performed to examine the feasibility o f using waste
materials converted to CPE as modifier to paving grade asphalt. Both a binder
rheology study and a mixture characterization were conducted to compare the
performance o f conventional dense graded mix containing ACL-2 and CPE
modified ACL-2. In general, the addition of CPE has improved the mix properties
as measured from the indirect tensile strength tests, indirect resilient modulus
test, indirect creep test, and indirect tensile fatigue test on asphalt cement
briquettes. Also the binder rheology as measured by dynamic shear rheometry,
and bending beam tests correlated well with mix properties.
The following lists can be drawn from specific observations:
1)

All of the ACL-2 asphalt binders exhibit the viscosity (rj) at 135°C less than
3.0 Pa»s.

The CPE modified ACL-2 has a lower ratio of viscosity

PAV/Original, i.e. 3.1 vs. 2.2, respectively. This observation may suggest
that the polymer additive protects the asphalt matrix from age hardening.
2)

The sine o f the phase angle, sin8, is a good indicator for the flow behavior of
the asphalt binders. ACL-2 lost its elastic component at T s 60°C when sinS
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s 1.00. However, CPE modified ACL-2 maintained an elastic component
even at T > 70°C (sin5 < 1.0, G’ * 0).
3)

The binder contribution to permanent deformation resistance as reflected by
creep and creep recovery can be enhanced by polymer additives. These
tests may directly relate to the compatibility of a polymer modifier in asphalt
cement at high temperature.

The elastic recovery of asphalt cements is

evidently improved by addition of CPE, and it is reflected in the results of the
indirect tensile creep test.
4)

The CPE modified mixtures improved fatigue properties, and this is also
evident in the binder fatigue factor G*sin8.

5)

Mixtures containing CPE modified ACL-2 showed improved fundamental
engineering properties at all tested temperatures.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
A series o f potentially useful asphalt blends containing modified recyclable
polymers, polyolefins and EPDM, for asphalt paving mixes have been prepared
and characterized by FTIR, NMR, DSC, and TG/DTA. Chlorination or maleation
of polyolefins is simple chemical method to change the morphology and
microstructure o f HDPE or polypropylene.

It is found that chlorinating

polyethylene in solution by addition of chorine atoms in a random distribution
along the polymer molecular chain changes the melting points and the heats of
fusion (AHf) relative to HDPE, especially in a rubber-like polymer containing 24.5
wt% chlorine. The degrees o f maleation achieved in the commercial extrusion
process for reacting maleic anhydride with polypropylene were estimated by
FTIR using known amounts o f the carbonyl index with succinic anhydride
blended with polypropylene.

Further chemical modification of the maleated

polypropylene with a series o f primary amines produced maleimide derivatives
with different extents of polarity. The formation o f functionally substituted SAH
on EPDM derivatives by addition reactive functional groups inside a twin screw
extruder in the presence of free radicals is a convenient and effective approach
to EPDM modification.
The applications of DSC analysis of asphalt/polymer blends were used to
evaluate the thermal transitions due to the crystalline regions of asphalt/polymer
blends. The results o f DSC studies show that the CPE can adjust the interaction
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parameters with asphalt by both increasing the amorphous content and
enhancing the interaction o f the amorphous regions of the polymer with the
asphalt phase. DSC thermograms were not sensitive to any interactions between
the MPP derivatives and the asphalts in these blends.

The compatibility of

asphalt components among phases in asphalt/polyolefin blends was studied by
ESEM.

The micrographs confirm that the chlorine contents in HDPE play an

important factor in controlling its compatibility with asphalt. Standard procedures
for studying the physical and engineering properties of asphalt binders were
applied to specify the PG grading of all polymer asphalt blends according to
Superpave protocols. Results show that activation energy of flow was related to
crystallinity of polymers and compatibility o f blend components. The lowest
activation energy was observed for blends containing rubber-like polymers. It is
also found the enhancement of the rutting resistance of the blends as reflected
by G*/sin5 parameter was correlated to the compatibility between the polymer
modifier and the asphalt cement at high temperatures.

In addition, the binder

contribution to permanent deformation resistance was reflected by creep
recovery, which was enhanced by rubber-like polymer additives such as CPE.
The fundamental engineering

properties of HMAC with the same

aggregate type and two different asphalt cement types (conventional dense
graded mix containing ACL-2 and CPE modified ACL-2) were investigated using
engineering characterization tests. Overall, the mixtures containing CPE asphalt
blends did significantly improve the fundamental engineering properties at all test
temperatures.

The HMAC properties were also correlated well with binder
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properties that were especially reflected in the results of the indirect tensile creep
and fatigue tests.
5.2 Recommendations
Future studies should apply polyimide chemistry to design o f additives
with specific enhancement properties, i.e., improved strip resistance. In addition,
surface energy o f both polymeric additives and asphalts should be determined in
order to gain a better understanding the compatibility between polymer and
asphalt.

Briquettes of asphalt cements based upon conventional ACL-2 and

CPE modified ACL-2 have been prepared and investigated.

Future studies

should focus on the effects o f other mix variables on the performance o f HMAC
such as void content, nominal maximum aggregate sizes, aggregation source,
and the compactive level (level I, II, III).

Also, the effect of the moisture

susceptibility behavior of HMAC with anti-stripping additives should be evaluated.
The future complete implementation of HMAC in practice to undertake a full
range o f standard and specialized tests should be expanded to include loaded
wheel test from the asphalt pavement analyzer, indirect tensile tester, and
Superpave shear tester.

The same preparation and testing protocol, the

fundamental engineering properties of HMAC containing conventional and MPP
modified or EPDM modified asphalt cements should be explored.
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APPENDIX A: SUPERPAVE ASPHALT MIXTURE GRADATION
REQUIREMENTS
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12.5 MM NOMINAL SIZE
Sieve, mm

Restricted Zone Boundary
Minimum
Maximum

Control Points

19
12.5
9.5
4.75
2.36
1.18
0.600
0.300
0.150
0.075

90.0
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100.0
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19.1
15.5

39.1
31.6
23.1
15.5

100

90

80

70

O
c)
<
0
CO
(0
Q.
e
o
0.

60

50
40

30

20

10

0.20
C200)

.3 0 0
(5 0 )

.600
(3 0 )

0.40

0.60

0 .6 0

1 .1 8

2 .3 6

4.75

05

(16)

(8)

C4)

(3 *)

(1 *5

Sieve Sizes

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(3 *)

Caches)

APPENDIX B: TEST DATA FOR THE TWO MIXTURES
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Results of Indirect Tensile Strength Test @ 25°C
Property
A20
C20
(Avg.AV
(Avg.AV
%=4.3)
%=4.4)
9 (4.4%)
3 (4.1%)
10(3.9%) 11 (4.6%)
19 (4.7%) 16(4.4%)
Mean
STD
CV%

ITS, kPa

Tl

Strain %

A20

C20

A20

C20

A20

C20

1594
1684
1525
1601
80
5.0

1794
1870
1925
1863
66
3.5

0.72
0.77
0.82
0.77
0.05
6.5

0.59
0.82
0.79
0.73
0.13
17.0

0.573
0.541
0.571
0.562
0.018
3.2

0.422
0.400
0.375
0.399
0.024
5.9

Results of Indirect Tensile Creep Test @ 40°C
Slope (kPa/sec)
Time (sec)
Air Void
%
Slope Mean STD CV% Time Mean STD CV%
4.1
0.52 0.53 0.03 6.0
68
89
19 21.6
0.51
3.9
94

Project

Sample

A20

18
21

A.V.%= 4.2
(Average)

24

4.5

0.57

C20

5
12

4.1
4.2

0.43
0.48

AV%= 4.2
(Average)

19

4.4

0.51

105
0.47

0.04

8.5

1390 1047 322
999
752
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30.7

Results of Indirect Tensile Resilient Modulus Test

Projects
Sample (AV%)

5°C

Modulus o f Resi ience Total (MPa)
A20
C20
(Avg.AV%=4.8)
(Avg.AV%=4.2)
8 (4.6%)
6 (4.5%)
13(4.8%)
7 (4.1%)
16 (5.0%)
8 (4.1%)
5676
5266
4693
5594
5885
6704
6667
5524
6369
5444
5998
452
657
8.3
10.9
3415
4324
3644
3688
3309
4249
3426
4080
3193
4384
3741
4304
3455
4172
205
259
5.9
6.2
2003
2555
1994
2502
1921
2385
2583
1752
2413
1881
2268
1910
2451
102
118
5.3
4.8
-

AVG.
STD
CV%

25°C

AVG.
STD
CV%

40°C

-

AVG.
STD
CV%
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Results of Axial Creep Test @ 40°C
Projects

Sample

A20

17
23

AVG
STD
C.V%
C20

10
14
17

AVG
STD
C.V%

A ir Void
%
4.1
4.9
4.5
0.6
12.6
4.1
4.6
4.5
4.4
0.3
6.0

Stiffness
(MPa)
50.5
62.7
56.6
8.6
15.2
45.8
52.9
39.2
46.0
6.9
14.9

Slope
(E-08),
1/sec
11.61
10.26
10.94
0.95
8.7
17.84
13.78
20.98
17.53
3.61
20.6

Perm.
Strain
(E-04)
6.67
5.58
6.13
0.77
12.6
8.35
7.34
11.15
8.95
1.97
22.1

Total
Strain
(E-03)
1.37
1.10
1.24
0.19
15.5
1.51
1.30
1.76
1.52
0.23
15.1

Results of Indirect Tensile Fatigue Test @ 25°C
Property
A20
C20
(Avg.AV%=4.1) (Avg.AV%=4.3)
1 (4.0%)
3 (3.9%)
7 (4.3%)
4 (4.2%)
20 (4.1%)
18 (4.6%)
Mean
STD
CV%

Fatigue Slope
(Power Fit)
mm/cycle

Number o f Cycles to
Failure

A20

C20

A20

C20

18.54
18.80
16.00
17.78
1.55
8.7

15.75
17.02
17.53
16.76
0.92
5.5

28828
57682
66880
51130
19854
38.8

220725
193509
262304
225513
34646
15.4
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